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ABSTRACT
For the creation of />-type transistor junctions, this project tries to ascertain if other 
members of the halide group are as successful as fluorine when implanted in 
compound form with boron into a crystalline silicon substrate. A series of boron 
halide implants were performed, consisting of boron di-fluoride, boron di-chloride, 
boron di-bromide and also the monomer boron, all to a boron fluence of 2 x 10 ^^  
ions/cm^ and 10^^  ions/cnf.
In parallel with the processing of the heat treated implanted samples using the Hall 
effect method, a literature survey was generated. This entailed searching for and 
reading through appropriate literature, then collating a compendium of the salient 
aspects within the ‘boron implanted into silicon’ domain.
The processing of samples encompasses wafer cleaving, thermal treatment, patterning 
of the sample with the van de Pauw pattern by photolithography, isolation etching and 
Hall effect measurements. A limited portion of the boron bromide material was 
analysed by Rutherford backscattering spectrometry (RBS) and secondary ion mass 
spectrometry (SIMS), enabling a view of the as-implanted and heat treated silicon 
substrate condition.
For the boron halide implants, the results show that after thermal treatment the atomic 
mass of the halide atoms is generally inversely proportional to the level of boron 
activation.
In addition to processing and analysis of boron halide implants, the design and 
manufacture of an automated sample processing machine was undertaken, enabling 
safer and more accurate etching of samples.
In brief, this dissertation provides Hall effect data for boron halide implants into 
crystalline silicon, along with a specimen of additional data obtained fi'om RBS and 
SIMS measurements.
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TEM Transm ission electron m icroscopy
TRIM Transport o f  Ions in M atter
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Chapter 1 Introduction
Continuing consumer demand for faster and more technologically advanced 
equipment drives the world of computing and electronics. To enable this progress the 
semiconductor corporations are perpetually upgrading and improving the design of 
the workhorse o f the industiy, the ti'ansistor. To gain an improvement in transistor 
speed a reduction in resistance and capacitance is required, and this is obtainable by 
reducing the size of the transistor junctions proportionally in both the vertical and 
horizontal directions.
For ion implantation, a reduction in the vertical direction requires dopant implant ions 
to only penetrate a short distance into the substrate. To prevent deep channelling of 
the light boron ions into the silicon substrate, rotation and twisting of the substrate can 
alter the crystallographic plane minimising the channelling effect. Amorphisation of 
the substrate both during and prior to the dopant implant can also provide less 
opportunity for any implanted ions to penetrate too deeply. Both methods can be used 
together, and in this dissertation we focus on the use of boron in compound form as 
the implantation ion. Under the right conditions not only will the implant compound 
ions provide the energy to amorphise the silicon substrate thus enabling shallow 
junction creation, but the additional atoms implanted can help the boron to higher 
activation than would otheiivise be the case with a monomer boron implant.
An in-depth investigation was performed in the late 1970’s, implanting boron 
separately with each member of the halide group of the elemental table, provided 
various comparisons of boron implanted separately with a halide element and as a 
compound. This supplied confirmation that boron implanted with fluorine was most 
advantageous, as the source delivered a high beam current and the fluorine assists the 
boron to a higher activation level than the boron monomer implant.
We have returned to view halide implant data created by lower energy ion 
implantation, and to detennine if other halide implants can be used to assist in the 
manufacture of ultra shallow CMOS devices. The selected equivalent implant energy
of 5 keV for boron will enable reasonable results to be obtained by the Hall effect 
method, providing some deptli to be measured by Hall effect profiling. The higher 
mass elements of bromine and to a lesser extent chlorine should enable a higher rate 
of amoiphisation of the substrate to occur than for fluorine, creating shallower 
junctions than the fluorine implants (when all are implanted with equivalent boron 
energy). Furthermore over 25 years later, the ability to reduce the implantation energy 
much further provides a platform for an augmented investigation of the suitability of 
other boron halide compounds to provide the key to ultra shallow boron doped silicon 
junctions. Further analysis techniques like Rutherford Backscattering (RBS) and 
Secondary Ion Mass Spectrometry (SIMS) are required to provide information on the 
substrate condition and elemental profiles within the silicon substrate. A matrix of 
anneal times and temperatures was devised to provide appropriate results for analysis 
after processing of each of the various implanted samples.
Overall the focus is clearly on the use of ion implantation as the preferred doping 
method, although when looking to the future it is not yet clear if  implantation 
technology can provide the key for super ultra-fast transistor manufactui'e. As well as 
the control issue, ion implantation will be operating along with and in competition 
with other technologies to produce the quickest and most inexpensive transistors. 
Within this dissertation the hiternational Teclmology Roadmap for Semiconductors is 
referred to, as it assists in predicting the pace of technological advancement and 
providing a framework for the future manufacture of transistors.
Large changes may well be more than a decade away, and at that time the current 3 
GHz processors will be superseded by processors running at near to 30 GHz, leaving 
the path open for the mainstream manufacture of the fastest and most successful 
transistor.
Chapter 2 Literature Survey
This literature survey reviews the main focus of this dissertation, which is the 
implantation o f boron with other elements into silicon. Can the success o f the boron 
tri-fluoride source be mirrored by boron tri-chloride or boron tri-bromide, producing 
ultra-shallow junctions required for future generations of CMOS devices?
This chapter also looks at the themial treatment of implanted material and the defects 
generated within the ion implanted silicon substrate.
2.1 Electronics, the early years
2.1.1 Discovery
The confirmation or dispute of theories will continue as new discoveries are made and 
deeper technical analysis is performed. It was James Clerk-Maxwell who in 1873 
expressed the view that all hydrogen molecules are of the same nature by 
measurement of the wavelength using a spectroscope (Maxwell 1873). He knew that 
molecules had internal mechanisms, and at that time also knew science was not 
advanced enough to investigate, but could only postulate against evolution and for 
creation. Maxwell (1873) expressed his view:
‘though ancient systems may be dissolved and new systems may be 
dissolved and new systems evolved out o f  their ruins, the molecules out 
o f which these systems are built—the foundation stones o f  the material 
universe—remain unbroken and unworn. They continue this day as 
they were created, perfect in number and measure and weight '
It was at the turn of the 19th century when scientists enhanced the global knowledge 
base by exposing more deeply the physical structure of the atom and proving that 
radiation can pass thi'ough thin films and was even deflected. Although there must 
have been many interested people, only selected scientists became immortal for the 
work they performed.
Joseph Jolm Thompson followed the initial investigations of Goldstein in 1886, 
confirming Jean Perrin’s view that charge is carried by cathode rays, and the rays are 
deflected when subjected to an electric field (Thompson 1897).
Following on it was the work of Rutherford among many others that provided the 
foundation for the progression of particle solid interactions, and today particle solid 
interactions are still being investigated using high-speed accelerators to categorise the 
fundamentals of matter and force (Particle Data Group ca. 2003).
The semiconductor industry of today has benefited from the early work of many 
scientists, with previous discoveries providing some of the foundation for current day 
technology.
2.1. 2 Integrated circuit
It was in 1947 that Jolm Bardeen, Walter Brattain, and William Shockley developed 
the transistor (Bardeen and Brattain 1948), with this eventually replacing the vacuum 
tube, providing the impetus for the creation of integrated circuits.
Just before 1960 Jack Kilby of Texas Instruments and Robert Noyce of Farchild 
Semiconductor independently conceived the idea of integrating the separate 
components of an electronic circuit, with Kilby using germanium and Noyce using 
silicon. Both applied for patents but it was Noyce’s integrated circuit (IC) on silicon 
that was selected as the foreruimer and became the foundation for general modern day 
electronics.
The first invented integrated circuit contained only a few transistor devices, with this 
number growing to 2300 transistors (using 10 micron technology) by 1971. At the 
turn of the 1990s, the number o f transistors on a single chip had risen to 1.2 million 
(using 0.8 micron teclmology). Recently Intel a leading integi'ated circuit 
manufacturer amiounced it has fabricated a SRAM (static random access memory) 
with 65 mn teclmology, containing 0.5 billion transistors (Intel ca. 2004).
The cuiTent 90 nm CMOS teclmology node enables up to 400,000 logic gates per 
nim^, gate lengths of 65 nm and oxide layers as thin as 1.6 nm (a few atomic layers) 
(Philips ca. 2004). Currently Intel report a maximum of 125 million transistors per 
chip with the 90 mn technology node and 178 million transistors per chip with tlie 
0.13 pm node (both for Pentium 4 desktop processors), providing a clock speed of 
over 3 GHz. However for server processors the total number of transistors is much 
higher at 410 million transistors per chip with the 0.13 pm technology node, although 
with a lower clock speed of 1.5 GHz (Intel ca. 2004).
The 90 mn technology node requires a maximum somce drain extension junction 
depth of 15 -  25 mn. Therefore to continue along the miniaturisation path, there is a 
requirement for a future implantation process to generate boron junctions of less than 
20 nm with sheet resistances in the region of 800 Q/sq. (ITRS 2002).
2. 2 The future of the transistor.
The continued progress in miniaturisation and drive for speed of logic gates is leading 
to the invention and possible use of new processes, as well as modification of current 
CMOS teclmology to engineer improvements.
2. 2.1 Example of a current development
In 1998 Goto et a l (1998, p. 139) successfully produced ap-type transistor which met 
the specification for the 90 nm node (2004) in some respects. Even with a high sheet 
resistance of 20 kO/sq., a Rsd of 760 Q-pm was achieved by minimising the S/D 
extension length. Other features include a junction depth (Xj) of 7 nm and gate width 
(Leff) of 38 mn. This PMOSFET (P-type Metal Oxide Semiconductor Field Effect 
Transistor) technology, shown in Figure 2.1. was created using decaborane implants, 
a 2 -step activation amiealing process and electron beam lithography.
Brain
Figure 2J_ High Performance 40 nm PMOSFET manufactured by Goto et al. (1998, p. 137).
2. 3 International Technology Roadmap for Semiconductors 
(ITRS)
To assist research establishments and industry with the planning of and progress for 
future transistor enhancements, the roadmap is published. Leading industrial 
corporations generate this roadmap by providing statistical and factual data on the 
semiconductor field, including projections for current day and future developments 
(ITRS 2002). The data within the ITRS can be extremely useful, although it is 
recommended it should only be used for guidance. A small sample of data is shown in 
Table 2.1.
In Table 2.1 are some predictions/requirements for future microprocessor units. The 
node is represented by the half-pitch, which is half the sum of the minimum line- 
width and the minimum space-width (Mack ca. 2000).
200^ 2007 20/0 20/3 20/0
Node (14 pitch) 107 nm 90 nm 65 nm 50 nm 35 nm 25 nm MPU
MPU Physical Gate Length (nm) 45 37 25 18 13 9 MPU
Oxide thiclaiess for MPU/ASIC (nm) 1.1-
1.4
0.9-
1.4
0 .6-
1.1
0.5-
0.8
0.4-
0.6
0.4-
0.5
MPU/
ASIC
Maximum SDE Rs (PMOS) (O/sq.) 550 660 760 830 940 1210 MPU/
ASIC
Drain extension Xj (nm) 19-31 15-25 10-17 7-12 5-9 4-6 MPU/
ASIC
SDE lateral abruptness (nm/dec.) 5 4.1 2.8 2 1.4 1 MPU/
ASIC
Table 2A Projections for future ITRS nodes (ITRS 2002).
2. 4 Methods of junction formation.
2. 4.1 Ion implantation
Ion beams can be used for determining the composition of a material as well as 
placing impurities inside a substrate. In this dissertation the discussion is on the latter, 
and based on the implantation of ions and molecules into crystalline silicon wafers, 
for use in transistor engineering.
Two terms that are commonly used to describe an implanted impurity profile, are the 
projected range (R?) and straggle (APp), they represent the average penetration depth 
and the h a lf  width o f the distribution at e"^ o f the peak respectively (Streetman 1990, 
p. 136), and are mentioned in the Implant fluence Section 3. 1. 2 .
Channelling
When an implant beam of boron ions is incident on a crystalline silicon (100) wafer 
perpendicular to the surface, it is expected that many ions will penetrate down through 
the silicon lattice structure. To prevent loss of dopant deep inside the substrate and 
enable the formation of shallow junctions, it is common to tilt and rotate the silicon 
wafers dining the implantation process (Lerch et al. 2000)(Downey et al. 2000).
As well as tilting the wafer by T  away from the incident ion beam direction to impede 
axial channelling, prevention of planar channelling can be accomplished by 
introducing a twist angle. The twist angle suggested by Current et al. (1985, p.339) 
for boron implants with 50 keV ion energy is 45°, this improves the uniformity, 
although it is also stated:
‘At ion energies below 25 keV, the acceptance angle fo r  planar 
channelling fo r implants increases to a level that no îMnst 
orientation condition results in sufficient avoidance o f  channelling 
effects \
Other effects to consider are the minimisation of wafer flex, repeatable wafer 
placement and twist orientation, wafer crystal orientation at the substrate surface and 
the control of the ion beam incident angle during scanning. The variation in sheet 
resistance centre-to-edge produced by vertical scan deflection of a few degrees can be 
alleviated by the use of pre-amorphisation or implantation through thermal oxides 
(Current et al. 1985, p.343).
Pre-amorphisation
To prevent channelling o f low energy boron ions, a pre-amoiphisation implant (PAI) 
can be implemented when low angle wafer tilting ceases to be effective. The PAI can 
be used to create an amorphous silicon layer deeper than the range of the subsequent 
dopant implant, where amorphisation is the absence of any crystalline structure.
The PAI effectiveness in preventing channelling of a boron implant is ion energy 
dependent, where Al-Bayati et al. (2000, p.55) suggest for a 1 keV boron implant the 
optimum germanium PAI energy needs to be 5 keV, and for 0.5 keV boron 2 keV. 
Germanium PAI shows itself to be preferable to silicon PAI because it produces 
material with lower sheet resistance and less ti'ansient enlianced diffusion (TED) after 
thermal processing. This may be related to the higher amorphous/crystalline (a/c) 
roughness which was viewed with the silicon PAI whilst performing transmission 
electron microscopy (TEM) analysis (Al-Bayati et al. 2000, p.56).
Additionally the use of a GeF] PAI before implantation of the boron dopant (in 
monomer or molecular form) would not only prevent channelling, but should increase 
the activation. The drawback with the use o f implanted fluorine into the silicon 
substrate is the penetiation of boron thi'ough the gate oxide (Jain et al. 2002), this is 
discussed further in Section 2. 10: Gate oxide.
Beam Current (dose rate)
Downey et a l  (1997, p.564) found that the dose rate does not have a significant effect 
on the junction depth in as-implanted or amiealed samples, although a slight reduction 
in sheet resistance was observed with a selected higher beam current. Furthermore 
Craig et a l (1996, p.256) has a reaction when varying the beam current, and found 
after a 950*^0 10 second anneal (for a 5 keV 10^ '^ BF2 ions/cm^ fluence implant) a 
higher dose rate produces a slight reduction in defect loop density as well as an 
increase in sheet resistance. There was no beam current effect for a fluence of 10^  ^
BF2 ions/cm^, hi addition, the use of a low temperature pre-anneal in a two-step 
anneal process shows a decrease in residual defect density as opposed to only a 
single-step anneal when using a low dose rate BF2 implant (Craig et a l 1996, p.258). 
The use of two-step anneals is mentioned later in Section 2.7. 1: Compounds.
Simulations
To determine the effect of implanting any particular elemental ion into a solid 
substrate, software simulators can be used (Yamamura et a l 1998). The simulations 
allow predictions to be calculated for any ion’s path into a solid, deteiinining the 
kinetics of electronic and nuclear collisions as well as scattering angles. As the ion 
penetrates more deeply and slows, the dispensing of kinetic energy to the atoms 
within the substrate and the ejection of atoms out of the substrate is accordingly 
calculated (Smith et a l 1989).
A well Icnow Monte Carlo (MC) type simulator is TRIM (Biersack and Haggmark 
1980) and can be obtained fi'ee at http://www.srim.org, with a book published by 
Ziegler et a l (1985) providing a detailed explanation of the inside workings of that
cuiTent day version. The book also includes the FORTRAN code of the program, 
along with evaluations of the program accuracy.
To decrease the time to simulation completion (for MC type simulations, as well as 
molecular dynamic (MD) simulations, mentioned later), distributed data processing 
should be employed. It is possible to utilise a multi-processor network with a master- 
slave strategy, and a load balancing distribution design based on data allocation and 
dynamism. It is reported the performance of a 3-D simulation can be maximised, and 
the overhead due to parallélisation neglected (Hossinger et al. 2000).
Whereas MC type simulators using space-evolution code utilise binary collision 
approximations (BCA) in amorphous material, MD simulators use time-evolution 
code, integrating the motion of many atoms in a pre-defined cell simultaneously 
(Yamamura gr aZ. 1998).
MD simulations of B1 and BIO (where Bn is n boron atoms) implants into silicon 
(100) were performed, with an incident angle of T  to the normal and a rotation of 30“ 
to the (100) direction to avoid chamielling. The BIO cluster showed similar depth and 
implant efficiency to the B1 monomer ions, with both having the same energy per 
atom. The MD simulation shows the monomer implant damage is mainly due to the 
formation of silicon vacancy-interstitial pairs, and for the BIO cluster a high density 
of displacements occur around tlie impact point creating a box-like shape, the depth of 
which is comparable with the mean implant depth of the B atoms (Aoki et al. 1998, 
p.1256).
MD simulations require extensive processing power to obtain useful data, and can be 
run using multi-processor networks. The use of a network of processors may require 
long term planning, and should errors be discovered a large time lag might occur 
before further data is obtained. One area I have not discovered as being developed in 
the implantation simulation field is the use of remote computing, This can enable idle 
machines to process data as part of their screen saving function, collecting, processing 
and sending back data blocks through the intranet/intemet as required (Anderson et al. 
2002^
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As computing power increases the accuracy of simulation results can be improved 
further, although this is not the major prerequisite to successful predictions. The 
methodology and parameters employed by a simulator to cope with the dynamics of 
thousands of atoms (of varying types) interacting simultaneously are vital, although 
the higher the processing power the more precise the results can be.
2. 4. 2 Plasma Doping
This method is suitable for high batch processing, and can provide implantation 
conditions that are comparable to the standard ion implantation method. Both n-type 
and jc-type junctions can be fabricated, using either a PHg/He or a B2H(,/He doping gas 
respectively. For the j)-type junction, SIMS analysis of the plasma ion implantation 
boron profile (with microwave plasma source), show a junction depth of 
approximately 75 mn at a boron concentration of 10^  ^ ions/cm^. High quality diodes 
and MOS transistors have been fabricated with this method, despite the absence of a 
mass separation mechanism (Chan and Qin 1998).
2. 5 Obstacles to creating perfect junctions.
The ion implantation method of transistor junction doping causes the host substrate 
lattice structure to become damaged. Once implantation of dopant ions has occurred, 
heat treatment is required to repair the lattice damage and install dopant atoms in the 
substrate’s available substitutional sites. It is during this thermal repair cycle that 
defect evolution and diffusion occur, leading to deeper and hence lower performance 
junctions.
Following on in this section are explanations from the literature on what transient 
entranced diffusion (TED), boron enhanced diffusion (BED) and oxygen entranced 
diffusion (OED) are. One area o f contention is whether {311} defects contribute 
singularly, fully, partially or only have a slight influence on TED.
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2 .5 .1 Enhanced Diffusion
The {311} defect and Transient Enhanced Diffusion (TED)
{311} defects (detailed in Section 2. 5. 21 which can be located near the projected 
range of the implanted ion and in the end-oFrange (EOR) region, are classified as 
category I and category II defects respectively. K.S. Jones et al. (1998, p .l) state 
category I defects are sub-tlireshold defects where the implant fluence does not cause 
amorphisation to occur, and category II damage/defects are associated with the area 
beyond the a/c interface when the fluence is sufficient to result in the formation of an 
amorphous layer.
The TED of boron can be caused by the {311} defects emitting interstitials whilst 
undergoing Ostwald ripening (Bonafos et al. 1998, p.3009) and evaporation during 
thermal processing (Stolk et al. 1995a, p. 193). It is also Imown that TED can occur 
without {311} defects being present (Zhang et al. 1995, p.2026), as {311} generation 
is ion energy and fluence dependent. Zhang et al. (1995, p.2025) report the defect 
may not occur for a boron implant energy of less than 10 keV, and ‘No {311} defects 
or extended defects were obseiwed to fomi after annealing a 4 keV, 10^“^ B^ ions/cm^ 
B^ implant’. Agarwal et al. (1998, p .18) report that they observe {311} defects, along 
with zig-zag {311} defects for 5 keV 3 x lo ’"^ silicon ions/cnf implants, noting they 
used the silicon ion for implantation.
It is reported that the TED experienced by substitutional and interstitial boron is due 
to point defects created by implantation (Jain et al. 2002). So where do the silicon 
interstitials come from to pair with the boron atoms causing TED? They probably 
come from sub-microscopic interstitial clusters (Agarwal et al. 1995, p.2026), 
nanometer-sized clusters (Cowern et al. 1999b, p.370), or dislocation loops tliat form 
to relieve the strain caused by the initial interstitial supersaturation (Kim et al. 1989, 
p.2318). Whatever the source of the silicon interstitials, the entranced diffusion of 
boron is more than 3 orders of magnitude larger than the equilibrium diffusion 
(Cowem et al. 1999b, p.370).
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It is reported by Jain et a l (2002) and references therein, that the diffusion of boron in 
silicon is progressed by the kick-out mechanism, where a silicon interstitial kicks out 
the substitutional boron atom leading to a mobile dopant interstitial. The mobile boron 
dopant atom travels interstitially until the reverse reaction occurs and the boron atom 
goes substitutional again, generating an interstitial silicon atom. Jain et a l (2002) also 
declares that the diffusion is related to the gradients of the boron and silicon 
interstitial profiles, as well as the gradient of the boron profile.
It has been shown that TED can be suppressed by the use of a low energy decaborane 
implant, accompanied by a 900°C, 10 second anneal (Shimada et a l 1998, p.81). The 
reduction in diffusion is most likely attributable to the proximity of the surface and 
localised cluster implantation damage. Alternatively the inclusion of carbon into the 
silicon substrate can prevent the creation of {311} defects by gettering the silicon 
interstitials (Stolk et a l 1995b, p. 1370).
Boron Enhanced Diffusion (BED)
BED will occur in amorphised silicon after transformation to a silicon boride (SiB4) 
phase when there is a high concentration of boron. To avoid BED increasing the 
boron diffusivity by 3-4 times, implantation of boron should be kept below the silicon 
amorphisation tlireshold, as the fomiation of silicon boride in amorphous silicon is 
considerably more rapid than in crystalline silicon (Agaiival et a l 1998, p.24).
It is noted that the presence o f oxygen is related to the diffusion phenomenon BED by 
the formation of the SiB4 layer (Downey et a l 1998b, pl263). The BED phenomenon 
occurs during post implantation annealing, with SiB4 clusters injecting silicon 
interstitials (Napolitain et a l 1999, p.43)(Ishida et a l 1998, p.910).
Oxygen Enhanced Diffusion
Another form of boron diffusion in bulk silicon is oxygen enhanced diffusion (OED). 
This is caused by the inclusion of oxygen in the annealing ambient, which in large 
enough amounts can lower the retained dose (hence degrade the sheet resistance) and
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produce deeper junctions (Downey et a l 1998a). It is reported that during oxide 
growth interstitials are injected into the bulk silicon leading to an enhanced boron 
diffusion (Foad et a l 1998, p.733). SIMS profiles show with no oxygen in the 
annealing ambient a test boron implant of 8 x lO’"^ ions/cm^ at 1 keV has a shallower 
junction than if oxygen was included, although it does take a trace of oxygen to obtain 
an improved sheet resistance value (Foad et a l 1998, p.733).
The surface effect
The effectiveness of the surface as an interstitial recombination sinlc is modelled by 
Lim et a l (1995), and detennined to be effective for a recombination length o f A, = 
0 .1pm, with calculations showing more than 99.9 % of implanted interstitials 
recombine at the surface during annealing. A reduction in TED is also shown when a 
buried boron marker is brought closer to the surface with etching, placing the damage 
closer to the surface (Lim et a l 1995).
It is the opinion of Cowem et a l (1999a, p.260) that the silicon interstitial flux 
diffusion from the EOR defect band to the surface is inversely proportional to the 
distance. They put aside the possibility of amorphous-layer blocking and time- 
dependent diffusivity, opting for the surface as the dominant sink for silicon 
interstitials (Cowern et a l  1999a, p.259).
Agaiwal et a l (1998, p.20) suggest that since boron difhision is mediated by silicon 
interstitials:
‘the boron diffusivity is proportional to the number o f  hops made by 
the excess interstitials during annealing ’
with the number of hops being a quadratic function of the initial distance from the 
surface. It is also reported that simulations show the surface to be a perfect sink for 
silicon interstitials (Agarwal et a l 1998).
It is notably reported that the migration of silicon interstitials to the surface can cause 
the uphill diffusion of boron fi*om low concentration to high concentration. This uphill
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diffusion of boron creating a high concentration at the surface may be used to 
fabricate shallow junctions (Jain et al. 2002).
2. 5. 2 Defects
During the implantation process collisions occur between the implantation ions and 
the atoms within the silicon substrate. There are two main type of collision, electronic 
and nuclear, and these are explained in Section 3. 1. 3: Electronic and nuclear 
stopping. With an energy of ~15 eV (Jain et al. 2002) or more a nuclear collision can 
generate a point defect, where a silicon atom is displaced from it’s lattice site and as a 
consequence an interstitial and vacancy are generated (Frenkel pair). These Frenkel 
pairs form into immobile complexes after ion implantation (Stiebel and Pichler 2003). 
During thermal treatment, various dislocation loops can form as well as {311} 
defects, and as the thermal processing progresses the {311} defects can transfomi into 
dislocation loops. Also during the thermal treatment defects can undergo Ostwald 
ripening, which reduces the quantity of defects and enlarges those defects still 
existing, with the number of silicon interstitial atoms staying constant. It is reported 
by Claverie et al. (2003, p. 1028) as the extrinsic defects increase in size, the 
formation energy decreases, and the larger defects act as sinks for the smaller (which 
is dependent on the type of defect).
More explanation of point defects, {311} defects and dislocation loops follows.
Point defects
Point defects within the silicon substrate can be any non-silicon atom installed in a 
substitutional lattice site or in an interstitial location. Frenkel pairs are point defects, 
and are the generation o f a vacancy and silicon interstitial pair (SZE 1988). Point 
defects can be created during the ion implantation process, by bombardment of the 
substrate with any ion species.
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{311} defects
The {311} defect, is usually elongated in the <110> direction (Takeda 1991, p.639), 
and made of silicon interstitial atoms, which consist of a repeated configuration of 
two conjugate pairs of five-seven-member atomic rings. The {311} defect is reported 
as only being observed in silicon and germanium, lying on the {311} plane (Tan 
1980, p. 109), and can be formed during thermal treatment when solid phase epitaxial 
regrowth (SPER) of an amorphous layer occurs.
Mentioned earlier (in Enhanced Diffusion, Section 2. 5. IT as well as being located 
near the projected range (Wu et al. 1983 cited Jones et al. 1988, p l i) ,  it is also 
reported that the {311} defect is classified as an EOR defect located beneath the 
original a/c interface. During thermal treatment the {311} defect density can decrease 
and the size of the defects increase (Ostwald ripening process) maintaining a steady 
state of silicon interstitials (Bonafos et al. 1998, p.3009)(Stolk et al. 1997, p.6034).
Dislocation loops
Transmission electron microscopy (TEM) analysis shows dislocation loops form in 
the EOR region with pre-amorphised wafers, whereas they form at the projected range 
Ry> with crystalline implanted wafers (Liu et al. 2000, p. 193). It is reported that 
volume defects form as a by-product of a volume mismatch between the lattice and 
the precipitate, with the strain being alleviated by the formation of dislocations (SZE 
1988). The extended defect density decreases sooner at lower thermal processing 
temperatures for the pre-amorphised wafers than it does for the crystalline wafers (Liu 
et al. 2000, p. 193).
The use of a carbon co-implant can be optimised to control residual defects near the 
original a/c interface, and when compared to a reference sample show a reduction of 
dislocation loops and a considerable decrease in boron diffusion (Chu et al. 1998, 
p.63).
16
2. 6 Table of example implants
Implant Implant Implant Concentration Junction Sheet Anneal Wafer data Retained Reference
Ion energy flu en ce at junction depth resistance P aram eters (% ) flu en ce
(ions/cnr) depth
(ions/cnd)
(A) (ohm/sq.) SIMS
determ ined
i 1B+ 2 10^ 10” 1195 222.1
1000°C (100) n-type 10-20 
10s RTA ohm-cm. Oxide etch 
m N 2  1 hr before implant
70.7 (Marcus et a l  1998)
i i B + 5 10^ lO” 2270 166.2
1000°C (100) n-type 10-20 
10s RTA ohm-cm. Oxide etch 
in N 2  1 hi' before implant
8 5 2 (Marcus et a/. 1998)
^^BF2+ 2.2 10^ 10” 544 496
lOOO^ 'C (100) n-type 10-20 
10s RTA olim-cm. Oxide etch 
in N 2  1 lu' before implant
46.9 (Marcus et. a/. 1998)
‘^ ^BF2+ 8.9 10^ 10” 885 266.4
1000°C (100) n-type 10-20 
10s RTA ohm-cm. Oxide etch 
in N 2  1 hr before implant
53.9 (Marcus et of. 1998)
B^ 0.5 10^ 10” 1000 240
1000°C 150mm (100)/7~ 
60s RTA type 10 ohm-cm  
iiiN2
(Privitera 
et a l  2000)
B+ 0.5 10^ 10” 1100 400 1100=020s
Epitaxial p-type (Napolitani 
e ta l  1999)
B+ 0.5 10^ 10” 310 275
LTP 10 keV 10”  Silicon 
ions/cm^ FAX into 
silicon wafer
Al-Bayati 
e t a l  2000)
Table 2 2  Example data implants. All implants were to a fluence o f  lO'  ^ ions/ciiT, with the junction 
depth measured at a boron concentration o f 10^  ^ ion s/cnf.
As well as simulations, the use of historical implant data can be an effective tool. 
Shown in Table 2.2 are implants o f and Bp 2^  at a boron fluence of lO'^ ions/cm^ 
for low implant energies. The data shows the advantage of using Bp2^  to obtain a 
shallower junction, although with a silicon PAI the B^ implant produces an improved 
result. After RTA the B^ implants retain more dopant, although their implant energy is 
higher than the boron ions in the Bp2^  implants. The 8.9 keV and 2 keV Bp 2^  implant 
energies are equivalent to 2 keV and 0.5 keV B^ implant energies respectively.
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2. 7 The use of other impurities
The inclusion of other elements either by pre-implantation or during the implantation 
of the dopant will modify the substrates chemical and electrical properties, 
influencing dopant diffusion and defect evolution. Areas of interest include compound 
and co-implants as well as pre-amorphisation to control the dopant profile. Compound 
implants will also limit the space charge effect of the implant beam, something which 
low energy monomer ions may suffer with at low beam energies.
Some compound implants reported for the /?-type dopant boron include BF2 (Moffatt 
1995), BSi (Liang et a l  2002), B 10H 14 (Goto et a l  1998), GeB (Chu et a l 2002, 
p.37)(Lu et a l 2002, p.993), BCh^ and BBi2^  (Ganguly et a l 2002), also co-implants 
experimented with include the elements o f bromine, carbon, chlorine, fluorine, 
oxygen, selenium, and sulphur (Robertson et a l  2000a, p.B5.8.3). Later in Section Z 
10: Gate oxide, the effect fluorine has on boron related to the gate oxide is reviewed.
2. 7.1 Compounds
The use of a boron molecular ion beam instead of a boron elemental ion beam 
provides the gateway for ultra low energy implants and shallow junction engineering. 
The ion energy is distributed between all the atoms of a molecular ion, allowing only 
a Faction to be imparted to the boron atoms. For example, a 1 keV decaborane 
(B10H 14) implant provides each boron atom with 89 eV of energy (calculated 
proportional to atomic mass). Likewise although at a much-reduced ratio, a 1 keV 
implant of the regularly used BF2 compound will provide each boron atom with 221 
eV of energy. Economically, compound implants can prolong the life of currently 
used conventional implant machinery (Moffatt 1995).
The use of a decaborane source requires a low energy electron ionisation beam 
(Takeuchi et a l 1997, p.346), as well as cooling of the plasma arc chamber walls to 
prevent molecular fragmentation occuning (Perel et a l 2002, p .878). A low energy 
decaborane implant provides localised surface damage limiting the generation of 
silicon interstitials, which as a consequence will suppress TED (Shimada et a l 1998,
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p82). Goto et a l  (1998, p .137) has shown decaborane is capable of being used to 
manufacture a 40 nm PMOS transistor.
The use o f BSi molecular cluster when compared to elemental boron of the same 
equivalent boron implant energy (22 keV equivalent boron 5 x lO'"^  ions/cm^ implant 
fluence at 7° incident angle into crystalline silicon), shows the BSi implant has a 7 % 
shallower projected range (i?p), a 14.3 % smaller longitudinal straggle range (ÆRp) and 
less boron channelling than the comparative elemental boron implant (Liang et a l 
2002, p.769).
A comparison between implants of the SiBa' molecule with the GeB' molecule, show 
the capability to produce shallow junction profiles as low as 30 mn for a 5 keV GeB 
implant, using a two-step anneal procedure (Chu et a l 2002, p.37). Lu et a l (2002, 
p.993) provide SIMS results o f SiB2' and GeB" molecular ion implantation profiles 
after various thermal treatments, with the depths being shown in Figure 2.2 and Table 
2.3 being comparisons of two-step and single temperature anneals.
15keV GeB 82 keV SiB]
I iwo-step 550 "C/300 s  + 1000 "C/10 sI a :
I  !.i 1\  550 "*0/300 s \cI I
10’“
0 20 40 60 80 100 120 140 160 180 200 220 240 0 20 40 60 80 100 120 140 ISO 160 200 220 240
Depth (nm) Depth (nm)
Figure 2 2  SIMS profiles o f as-implanted boron and after annealing (equivalent energy o f 2 keV) (Lu et 
a l  2002, p.993).
Figure 2.2 shows the SIMS profiles of as-implanted and annealed GeB and SiBa 
molecular implants at an equivalent 2 keV boron implant energy. The results are 
tabulated in Table 2.3 and represent the junction depths at a boron concentration of 
10 ^^  ions/cm^.
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Depth is 
in nm
As-implanted I000°C /10s
S 1B 2 56 - 100 128.5
GeB 35 39 85 145
Table 2 3  Junction depths determined by SIMS measurements o f boron profiles at a 10‘® ions/cnr 
concentration, for varying thermal treatments. Implants were performed at a boron equivalent energy o f  
2 keV, with a fluence o f ions/cm^) (Lu et al. 2002, p.993).
It is reasonable to assume the shallower GeB as-implanted profile is attributed to a 
higher level of radiation damage, created by the heavier germanium atoms as opposed 
to the lighter silicon atoms. For the high temperature 1000°C/10 s anneal, the boron 
penetrates more deeply into the substrate with the GeB implant than the SiB2 implant. 
This result is reported as possibly being due to the large difference between projected 
ranges for B and Ge, compared to the closer proximity o f B and Si peaks in SiBa (Lu 
et al. 2002).
The continued success of BF2 implants has led to the investigation of boron along 
with other elements of the halogen group, to search for a new source material for 
ultra-shallow junction implants.
An investigation by Ganguly et al. (2002) compared implants of BF2^ , boron di­
chloride (BCh^) and boron di-bromide (BBi'2^ ) ions, where the low energy implants 
were used to foim source-drain extension regions of MOSFETs. The 5 keV 10^  ^
BCh^ ions/cnf implant showed a boron retained fluence of under 60 % (determined 
by integration of SIMS data) compared to over 95 % for the 5 keV 10^  ^ BF2^  
ions/cm^. Since the effective boron ion energy is not the same for both, the data is not 
directly comparable. Even so it is worth reporting that the leakage current densities 
after annealing are 10 iiA cm'^ for the BF2^  implanted junction and 1 pA cm'^ for the 
BCh^ junction (Ganguly et al. 2002, p.2025). The BCh^ molecular implantation ion 
does however provide the lowest tlii'eshold voltage (Vr), with the 18 keV BBi2^  
molecular ion implant providing a slightly higher voltage. Figure 2.3.
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Figure 2 3  Thi*eshold voltage versus chaimel length for B F z\ BCI2 ' and BBrg^ source drain extension 
implants (Ganguly et al. 2002, p.2027).
A 20 keV 5x10^"^ ions/cm^ implant has a much closer effective boron implant
energy to the 5 keV 5 x lO'"* BF]^ ions/cm^ implant, with an effective boron energy of 
1.27 keV and 1.11 keV respectively. The channelling is reduced for the BBra^ 
implanted junction with a leakage cuiTent of ~25 iiA cm'^, compared to -7.5 iiA cm'^ 
for the BF]^ implanted junctions. Since the boron channelling is reduced for the BBri^ 
implant compared to the BF%^  implant, Ganguly et a l (2002, p.2027) state that this 
along with low leakage current puts BBr2^  in a positive light for /?-type doping of 
ultra-shallow P ’^ -N junctions.
An investigation by Laviron et a l (2002, p. 102) using BCL^ as the ion implant 
species, indicates chlorine will not enhance boron peneti'ation through the gate oxide 
(BCb^ was implanted with 3 keV energy and a fluence of 5 x 10^ "^  ions/cm^). A 32 
nm junction (at a boron concentration of 10^^  ions/cm^) was created with a sheet 
resistance close to 1100 Q/sq. (Laviron et a l 2002, p. 102). Although a depth of 32 nm 
represents an achievement, a further reduction in depth is required to meet the quoted 
ITRS figures for drain extension depth for the 100 mn DRAM node (2003) and 
beyond (see Section 2. 31 (ITRS 2002).
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2. 7. 2 Co-implant
One method of improving dopant activation and controlling boron diffusion involves 
the use of co-implantation o f other species in addition to boron. The results of some of 
these experiments are discussed in this section.
An investigation by Robertson et al. (2000) into the control of boron diffusion 
included the use of several non-metallic elements. A 280 mn deep amorphous layer 
was created by two silicon implants at a fluence of 10*^  ions/cm^. An 8 keV 10*'* 
boron ions/cnf implant was followed by a single implant per sample of each different 
element (listed in Table 2.4) at an appropriate energy to give a reasonably similar 
projected range for each impurity. All samples were subsequently amiealed at 750°C 
for 2 hours in N]. The results indicate carbon and chlorine have a positive effect on 
reducing the diffusion of boron during thermal treatment. Shown in Table 2.4 is a 
summary of their results.
Impurity Effect on boron 
activation
Effect on 
diffusion
Other information
Boron control 100% n/a 80 % o f  boron implanted retained after anneal
Bromine Negative Negligible High fluence provides extended defects
Carbon Positive Positive Reduced boron fluence loss during anneal
Chlorine Positive Slight positive Reduced boron fluence loss during anneal
Oxygen Negative Negative No effect on end-of-range defects
Selenium Very negative Negligible No effect on end-of-range defects
Sulphur Very negative Negligible High fluence provides extended defects
Table 2A  Summary o f  co-implantation o f impurities with boron (Robertson et al. 2000, p .B 5.83),
The positive effect carbon has in controlling the silicon interstitials and thus diffusion 
is echoed by other experimentalists (Chu et al. 1998, p.63)(Stolk et al. 1995b, 
p .1371), although Wijburg et al. (1992, p.546) report this is not always the case. It is 
noted that the presence of carbon can increase the collector sheet resistivity and 
increase leakage of the collector-substi'ate junction (due to carbon related defects), 
with these effects being dependent on fluence (Wijburg et al. 1992, p.546). When a 
carbon fluence above a tlu*eshold of 2.6 x lO’"^ ions/cm^ is used, poor boron activation
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and MOSFET degradation can occur (Ban et al. 1997, p. 1550). Aiuiealing out the 
carbon implant damage before the implantation of boron does improve boron 
activation, and it is suggested fuither optimisation of the carbon implant anneal 
should be carried out (Ban et al. 1997, p .1550).
Stolk et al. (1995b) agree with the benefit of using carbon, they state that not only 
does it getter its own damage it can getter the additional damage from the dopant 
implant. {311} defects are not formed in carbon rich samples, and it is recommended 
that incorporating carbon to levels o f -10^^ ions/cm^ suppresses TED (Stolk et al. 
1995b).
Although recently we have returned to investigate the use of other halides with boron 
(Ganguly et al. 2002) (Laviron et al. 2002) to accomplish the aim of shallow junction 
creation, the use of BF]"*" as the ion species was investigated along with BCL^ and 
BBr2^  in the late 1970s. It was about this time that BF2^  became more popular than 
boron, as it produces higlier electrical activation than boron for lower anneal 
temperatures. Additionally it is reported the use of a 150 keV BF2^  ion beam enabled 
a higher beam current o f >50 pA, compared to =2 pA for a comparable B^ beam 
cuiTent (Muller et al. 1971 cited Beanland 1978, p.537).
Beanland (1978) published what seems to have been the first comprehensive 
investigation into the effects of boron implanted separately and together with each of 
the halide elements, as co-implants or molecular implants. The implant conditions 
were n-type <111> 5 cm 3-20 Q-cm silicon wafers, implanted at a T  incident angle, 
with dose uniformity within ±2 % and dose accuracy within ±5 %. After implantation 
of 10^  ^ boron ions/cm^ in the fonn of BH2 (where H is the associated halogenide of 
fluorine, chlorine or bromine), thermal treatment at 700®C, 900°C and 1100°C was 
performed for 30 minutes. No polyatomic boron species was found when using the 
BI3 source, with beams of B^ and L  being generated (Beanland 1978, p.538).
Table 2.5 shows the retention of the associated halogen in the silicon substrate. The 
retention appears to be a function of mass, although not linear.
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700 900%: /y o o T
F 100 35 4
Cl 87 75 52
Bi 100 81 71
Table 2 3  Halogen retention in silicon after 30 minutes annealing at various temperatures. The figures 
shown are the % o f  element retained (data extracted from graph, Beanland 1978, p.546).
The data in Table 2.5 shows the lighter more electronegative ions escape the silicon 
substrate, with the heavier mass ion of bromine maintaining a high concentration even 
after an 1100°C anneal. All wafers were coated with 1000 Â of r.f. sputtered Si02 
during the amieal process, and cleaned in buffered HF before 4 point probe 
measurements. Beanland (1978, p.546) suggests the retention may be ‘indicative o f 
higher crystal damage and poorer electrical activity'.
Since it is reported the dose uniformity was within ±2 % and the accuracy was ±5 %, 
the sheet resistance results should be quite consistent and provide good comparisons 
between each of the halide implant valiants. Following in Figure 2.4, Figure 2.5 and 
Figure 2.6 are graphs of sheet resistance for the differing combinations of boron with 
fluorine, chlorine and bromine respectively. The graphs are extracted from Beanland’s 
(1978) paper.
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Figure 2 4  Graph o f sheet resistance vs. varying anneal temperatures, witli an effective boron implant 
fluence o f  lO'  ^ ions/cnf into crystalline <111 > silicon. Fluorine was implanted both separately and 
together with tlie boron as a molecular ion, ensuring the boron effective implantation energy was 25 
keV (Beanland 1978, p.540).
The effect fluorine has in reducing the sheet resistance for lower temperature anneals 
is clearly seen in Figure 2.4. The data indicates the introduction of fluorine is 
beneficial for boron to obtain high activation at the lower anneal temperatures of 
between 550 "C and 850 ”C.
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Figure Graph o f  sheet resistance vs. varying anneal temperatures, with an effective boron implant 
fluence o f  lO’  ^ ions/cnf into crystalline < 111> silicon. Chlorine was implanted both separately and 
together with the boron as a molecular ion, ensuring the boron effective implantation energy was 25 
keV (Beanland 1978, p.541).
The results for the boron with chlorine implants show higher sheet resistance values 
than the similarly treated boron with fluorine samples. Unlike the fluorine samples 
where low sheet resistance values are exhibited for anneal temperatures of above 600 
®C, the chlorine samples do not show this benefit until anneal temperatures well 
beyond the 800 °C mark. The chlorinated samples do show however a higher recovery 
in sheet resistance between 400 and 650 ®C than the boron samples, leading to a 
similar step like appearance in plotted curves as the fluorine samples. The chlorine 
sample’s step is 500 Q/sq. higher and lasts for 150 °C, instead of 200 °C as shown for 
the fluorinated samples.
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Figure 2 j6 Graph o f  sheet resistance vs. varying anneal temperatiues, with an effective boron implant 
fluence o f  lO’^  ions/cnf into crystalline < 111> silicon. Bromine was implanted both separately and 
together with the boron as a molecular ion, ensuring tlie boron effective implantation energy was 12 
keV (Beanland 1978, p.542).
Even though the boron implant in Figure 2.6 is a 12 keV implant and not directly 
comparable with the 25 keV boron results in Figure 2.4 and Figure 2.5, it does exhibit 
a similar reluctance to provide lower sheet resistance values until beyond the 800 °C 
anneal tlireshold. With the introduction of bromine, the improved sheet resistance 
results are not forthcoming like the fluorine and at a lesser rate the chlorine, with the 
boron monomer results showing lower sheet resistance even at the highest anneal 
temperature performed (1100 °C).
For lower energy implants the use of boron instead of BFi as the implant dopant 
species may be more favourable (once boron channelling is suppressed). As reported 
by Privitera et al. (2000, p.61) the cut-off fi'equency of low implant energy bipolar
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test transistors show the boron implanted transistors are capable of more than 20 % 
higher fi'equency than their counterpart, with Moffat (1995) back in 1995 predicting 
high current low energy will probably be the dominant process in the future.
To determine if fluorine has an effect on the diffusion of boron, silicon pre- 
amorphised 200 mm < 100> n-type silicon wafers were implanted with B^ and a range 
of doses. Ishida et al. (1998) report SIMS results for the implants with the higher 
fluorine fluence show only a slight reduction in junction depth compared to samples 
without fluorine. When varying the boron implant fluence to ascertain if boron 
fluence has an effect on diffusion, it was discovered than a reduction in boron 
diffusion occurs when using higher boron fluences, thus indicating the reduction in 
diffusion is boron fluence dependant (Isliida et al. 1998, p.910).
Curello et al. (1998) investigated the effect BF]^ has on boron activation and fluorine 
distribution, by vai'ying the ion energy. They conclude that there is an ion energy 
dependence reflected in the fluorine distribution after RTA treatment. For the lower 
ion energy of 10 keV BF]^ the fluorine diffuses away with no segregation or 
precipitation, although for the 35 keV BF]^ implant, gettering of fluorine occurs with 
the formation of precipitates near the Rp (thought to be BSix) of the as-implanted 
profile and at the original a/c interface (Curello et al. 1998, p.922), creating the 
characteristic fluorine twin peaks (Curello et al. 1998, p.923)(Walker 1992, p.2035).
Another reported effect that fluorine has with boron is that it inhibits the formation of 
or dissolves sources o f silicon interstitials such as SiB4 (formed with high boron 
surface concentrations) at temperatures as low as room temperature (Agarwal et al. 
1997 cited Ishida et al. 1998, p.910). It is suggested other effects fluorine could have 
on boron which affects boron diffusion, are that the fluorine binds with silicon 
interstitials released from the EOR region and/or fluorine binds with boron to form a 
slow moving species (Ishida et al. 1998, p.910).
28
2. 7. 3 Other elements
The use of indium as a />-type dopant may be viable for specialised implant areas 
including retrograde chaimel and halo regions (Varian et al. 2000, p.42)(Hu et al. 
1995 cited Luckman et al. 2000, p.444), although the indication is that it is not 
suitable for channel doping because of the high sheet resistance that results (Liu et al. 
2000, p.67).
Reviewing the indium implantation process performance, the source of indium tri- 
fluoride (InFs) provides a stable beam current of 500 pA (with an ion energy in the 
region of 100 keV), and verifies there are no difficulties with the use of singly 
charged or doubly charged indium. In’*' or In'*'^  respectively (Fujisawa et al. 2000, 
p.62). Machine memory effects can occur with indium implants, although this can be 
controlled with an appropriate clean-up procedure (Cheng et al. 2000).
2. 8 Annealing
2. 8.1 Thermal annealing processes
There are varying kinds of thermal processing equipment, with each type having its 
use in a particular zone of the time spectrum. The choice of thermal equipment tends 
towards the faster processing time as the dimensions of MOS structures decrease, 
with the purpose being to maximise the activation of the implanted dopant and limit 
diffusion.
Flash lamp aimealing (FLA) is particularly useful because it can provide ramp rates 
upto several hundred degrees per second. FLA uses an array of xenon lamps giving a 
maximum temperature o f 2000°C at a maximum wavelength of 500 nm, with a 
maximum energy density of 120 J/cm^. The lamps are activated by the discharge of a 
bank of capacitors in an LC-network, where the duration of microsecond pulses can 
be adjusted accordingly (Gebel et al. 2002, p.288).
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The arc lamp also has a very high ramp rate, and can reach the melting point of silicon 
(>1400°C) in just a few seconds. It is reported the arc lamp can be mn continuously 
(cooled in water) with 100 kW of input power, producing half this power as output 
light in the visible and near infrared. The lamp can typically be used to anneal for one 
to several seconds, with a 10 ms delay for the lamp to reach steady state after power 
up and discharge after power down (Hodgson et a l  1984, p.589).
A laser anneal process used by Fortunate et a l (2001) was implemented to reduce 
residual defects. By irradiating samples at 450 ®C, and using a very rapid thermal 
cycle, dopant was activated with negligible diffusion. It is reported that by raising the 
ambient temperature at which the laser anneal occurs the recrystallisation velocity is 
slowed down, and as a consequence prevents the fast generation of defects at the 
solid/liquid interface. The excimer laser anneal (ELA) utilises a XeCl laser operating 
at 308 mn with 28 ns pulses, and was used to provide energy densities of between 440 
and 760 m J/cnf. The laser was fomied into a 7 x 7 mm^ spot size and scanned over 
the sample area (Fortunato et a l 2001, p.418).
The results of this M.Phil. work were generated using rapid thermal annealing, and 
improvements may be made using one of the above noted thennal processes.
30
LASER RTAFLA
" 850"G T 1000"C
- - - - 9 0 0 X  $  - 1 100®G
-k  ^  1200T
MmWWWjàiiii
10
Time (s)
Figure 2 J  Graph o f active boron dose against time for a range o f thermal processing equipment. Boron 
was implanted with an energy o f  500 eV with a fluence o f lO'  ^ ions/cnf (Mannino et al. 2002, p.254),
To show the use o f each type of thermal amiealing process, a set o f data for each type 
of thermal process was collated and plotted graphically by Mamiiiio et al. (2002, 
p.254), as shown in Figure 2.7. Boron was implanted at 500 eV with a fluence of lO'^ 
ions/cm^, with the activation level o f the implanted boron dopant being shown for a 
thermal treatment time of microseconds to several minutes (Figure 2.7). We see that 
Furnace aimealing can only be effectively used for times exceeding several minutes, 
with RTA having much data available in the second to hundreds of seconds range. 
FLA and laser annealing are capable of providing thermal treatments in the sub- 
second and sub-millisecond ranges respectively.
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Rapid thermal annealing
Rapid thermal annealing can cover a wide range of temperatures (up to -1200 °C) for 
an equally wide range of time (seconds to minutes). This method can ordinarily 
produce temperature ramp and cool rates in the region of 50 to 150 per second, 
although higher rates are possible.
Arc lamp
The use of an ultra-high power arc lamp may be capable of producing low resistance 
shallow junctions, although the opinion is based on data published in 1984, and at that 
time 50 keV and BF]^ implanted samples were analysed. A 100 kW arc lamp is 
capable of making a 4-inch silicon wafer reach melting point from room temperature 
in a few seconds, with a similar ramp down time. This method produces high 
activation of the implanted boron dopant, which is proportional to the temperature 
applied. Hodgson et al. (1984, p.590) report defect free material for 50 keV B^ and 
BFa^ implants into silicon for a fluence to 10^ "^  ions/cm^, when heated to -1250 for 
1 second with the arc lamp.
Flash lamp
More recently and with a comparative 500 eV 10^  ^ B^ ions/cm^ implant, flash lamp 
annealing (FLA) and RTA were contrasted to ascertain the usefulness of FLA. After 
thermal treatment, the FLA sample showed a junction depth of 50 nm at a 
concentration of 10^  ^boron ions/cm^, with the RTA sample showing a 70 nm junction 
depth. The activated boron fluence was 21 % for FLA and 31 % for RTA, with the 
RTA sheet resistances generally being lower than the FLA. Although the FLA method 
is reported as having being developed in the early 1980s it has not been utilised much, 
and will require enhancing to be useful, nevertheless it has one advantage over laser 
amiealing which is its ability to process whole wafers (Gebel et al. 2002).
Laser
Excimer laser annealing (ELA) is capable of providing almost 100 % dopant 
activation neai* the substrate surface, with reduced junction depths compared to RTA 
treated samples (Fortunato et al. 2001, p.421). Comparisons were made between RTA
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(1100 °C 5 second) and ELA (733 mJ/cm^) for a 20 keV 2 x 10^  ^ Bp2^  ions/cm^ 
implant, showing for a range of energy densities the ELA treated samples produced 
shallower chemical and electrical junction profiles. The energy density setting of the 
laser is quite important as it determines the melt depth, which again is dependent on 
whether the substrate is amorphous or crystalline, as amorphous silicon melts in the 
region of 225 °C less than crystalline silicon (Poate et a l 1991, p.535). Another 
important aspect is the resolidification velocity, and Fortunato et a l  (2001, p.418) 
believe improved results are related to reducing the resolidification velocity by 
heating the substrate (450 “C) and prolonging the irradiation time.
Although the laser beam spot size is relatively small compared to the overall wafer 
size (and wafer diameters will increase), the use of advanced microelectronic control 
should ease the potential major bottleneck, and it may be beneficial for localised 
thermal treatment.
The most apparent benefit of laser annealing is the control of the junction depth, with 
box like junction profiles being manufactured (Talwar et a l 1998, p.l 172). The lower 
energy densities are used to keep the jmiction shallow, but there is a tlireshold to the 
energy required, which will melt the silicon substrate to a depth equal to the dopant 
implant profile, providing full activation of the implanted impurity. Although Talwar 
et a l  (1998 p. 1173) do not see surpassing the solid solubility as a hurdle when 
creating junctions by laser amiealing, Takaniura et a l (2002, p.230) on the other hand, 
declare that exceeding the equilibrium solid solubility limit during laser annealing is a 
drawback that can cause deactivation of the dopant upon subsequent thermal 
processing.
Laser thermal processing (LTP) has the clear advantage over RTF, when using a 
silicon PAI into a silicon substrate, which is subsequently implanted with low energy 
0.5 keV lO'^ boron ions/cm^. LTP has shown to provide lower sheet resistance, a 
shallower junction and steeper lateral junction profile abruptness of < 2.5 nni/decade, 
measured by and possibly limited by SIMS (Axelrad et a l ca. 2000).
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Further improvements with the use of LTP may well be made by reducing the energy 
density of the laser so it generates a substrate temperature lower than the melting 
point of silicon. A sub-melt laser anneal is the first part of a thermal process wliich is 
responsible for dopant activation. The second paid in a 2-stage anneal is a RTA of 700 
°C 20 second, which repairs the crystalline damage and reduces the sheet resistance 
slightly more. This 2-stage amieal has been called the V2LTP process, with an 
optimum laser energy density of 0.55 J/cm^ on a 1 keV 9 x lO^ "^  B'*' ions/cm^ implant, 
followed by an RTA of 700 °C as mentioned. The additional benefit of the V2LTP 
process is the preservation of the as-implanted profile lateral abmptness (shown by 
SIMS), as well as providing a sheet resistance as low as 306 Q/sq. in the study 
undertaken (Felch et al. 2000).
The 2-step process as also been tested on 5 keV 10*^  boron ions/cm^ implants into 
<100> silicon, with the use of a nomnelt laser anneal (NLA) prior to a RTA for 5 
seconds at 1000°C. A 15 ns NLA with an energy density of 0.5 J/cni^ followed by a 
RTA provides a sheet resistance of 143 Q/sq.. The sheet resistance rises slightly to 
150 Q/sq. when a NLA is performed with an energy density of 0.6 J/cm^. The 
slightly higher energy density provides the preferential Hall mobility of 67 cnf/V-s 
(Earles et al. 2002).
Other papers that look into the use of LTP for activation of differing dopants for a 
range of laser energy densities, provide extensive results via varying analysis 
techniques (Mmlo et al. 2000a)(Murto et al. 2000b)(Sing et al. 2000).
2. 8. 2 Anneal temperature
Thermal treatment of implanted samples is used to both repair a substrate’s crystalline 
structure and activate the implanted dopant. Setting of the aimeal temperature is vital 
to obtain the desired result of appropriate junction depth and resistivity, noting the 
cun ent process may be one of many the substrate has to undergo.
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Downey et a l  (1997, p.568) state the generation of shallow junctions can be obtained 
by optimising the aimeal temperature, reducing the O2 ambient content and 
introducing fluorine. They report with germanium pre-amorphised samples implanted 
with BF2 there is an aimeal cross over point of 900”C, where below 850"C the pre- 
amorphised samples are shallower than the non pre-amorphised. This advantage is 
lost when aimealing above ~900°C where the pre-amorphised junction becomes 
deeper than the non pre-amorphised. The indication is for the low energy thermal 
treatment, ordered SPBR is most probably repairing the substrate for the amorphised 
samples, with less diffusion occurring. When the thermal energy is increased the 
diffusion processes are encouraged to participate more, and with the higher level of 
silicon interstitials within the amorphised bulk the impurity profiles expand (Downey 
et a l 1997, p.568).
2. 8. 3 Annealing ambient gas
The background concentration of oxygen during aimealing has an effect on the 
junction depth (Downey et a i 1997, p.566)(Downey et a l 1998a, p.56). Downey et 
a l (1998a, p.56) have systematically investigated the effect of varying the oxygen 
content in a nitrogen ambient during annealing, showing that within their sampling 
range the optimum oxygen concentration is 33 ppm. Tests were carried out on 
implants of 0.25, 0.5 and 1.0 keV B^ and Bp2^  at fluences of between 2.5 x l O ^  and 
2.8 X 10^  ^ ions/cm^ into <100> n-type silicon wafers. It would appear that optimising 
the oxygen content in the nitrogen amiealing ambient not only provides reasonable 
sheet resistance and junction depth values, it appeal's to reduce/eliminate BED, 
although this is also related to the inclusion of fluorine (Downey et a l 1998a). An 
optimum oxygen inclusion in the nitrogen annealing ambient, will also enable the 
growth of a surface oxide, which although whilst growing may enhance diffusion, 
when stable the oxide will increase boron retention (Marcus et a l  1998, p.l293)(Fiory 
and Bourdelle 1999, p. 1347).
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2. 8. 4 Ramp rate
The effect of ramp rate on junction depth is ion energy dependent, and a high ramp 
rate is shown by Downey et a l (1999, p. 1341) to have a positive effect on reducing 
junction depth for boron ion energies in the region of and less than 500 eV. The 
reduction in junction depth also applies when Bp2^  is used, although the ion energy 
tlueshold is higher at about 3 keV, above which the effect o f ramp rate is not 
significantly felt. Both the B"^  and Bp2^  spike annealing (high ramp and cool rates 
with zero dwell time at the selected temperature) was perfonned up to 1050 ”C, with 
the lower energy implants providing shallower junctions at the expense of higher 
sheet resistance and lower retained fluences (Downey et a l 1999, p. 1341).
The advantage of a high ramp rate is confirmed by Agarwal et a l (1999, p .1335), who 
agrees the benefit is only appreciable for shallow implants created in this case by a 
500 eV boron implant. The creation of shallow junctions is related to ramp down rate 
as well as ramp up rate, with the additional effects of the fluence and ion energy. 
Agarwal et a l (1999, p. 1338) thorough investigation has ascertained there is a 
threshold to the ramp up rate for further reduction of the junction depth, where above 
150 °C/s little further reduction is obtained. If the ramp down rate is slow the 
advantage of a fast ramp up rate is lost, because TED will continue in the ramp down 
phase until it has completed. Noted is the importance of completing the TED cycle so 
no other diffusion occurs during subsequent thermal processes (Agarwal et a l 1999, 
p.1337).
2, 9 Growth Idnetics 
2. 9.1 Crystalline silicon
Subsequent to the implantation of impurity ions into a silicon substrate, thermal 
treatment is fundamental to the repair of any implant damage. When the implant has 
only slightly or partially damaged the substrate, thermal treatment enables the 
recombination of vacancies and interstitials, although if  a sufficiently high anneal 
temperature is not used secondary defects can evolve (Jones et a l 1998).
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Repair of the crystal structure and substitution of dopant atoms on lattice sites can 
occur at temperatures as low as 550 °C for fluences of over 10^ "^  ions/cm^. Much 
higher temperatures (of 900 °C and above) are required to handle the defects 
generated by the amiealing process from the agglomeration of displaced atoms 
produced by the implantation process (Jones et al. 1998, p.2).
2. 9. 2 Amorphous
When an implant fluence is of high enough magnitude, the damage caused can be of 
such a level that a silicon substrate’s crystalline structure can be completely broken 
down, and an amorphous layer formed (Jones et al. 1998, p.3). The thickness of the 
amorphous layer is dependent on the implant ion mass and energy.
An amorphised substrate can be repaired by thermal treatment, inducing SPER. The 
underlying crystalline substrate provides the seed for regrowth of the amorphous layer 
on top, and the regrowth of the amorphous layer will proceed fi'om the a/c interface 
towards the surface (Jones et al. 1998), characterised by an activation energy of 
approximately 2.7 eV (Sinlce and Roorda 1990, p.224)(Roth et a/. 1990, p. 1341). The 
a/c interface when subjected to thermal treatment will proceed towards the surface in 
a uniform and planar fashion, and it is reported without nucléation of polycrystalline 
material or twin defect formation (Roth et û:/. 1990, p. 1342).
SPER occurs at relatively low temperatures and undergoes a phenomenon called 
structural relaxation before crystallisation, this relaxation of amorphous silicon can be 
attributed to strain energy composed of bond-angle and bond-length distortions, bond 
rotations and point defects (Sinke and Roorda 1990, p.223). Sinke and Roorda (1990, 
p.223) confirm there is a release of heat from amorphous silicon prior to 
crystallisation, and this may well explain the 225 °C difference between amorphous 
and crystalline silicon melting points mentioned earlier, with amorphous being the 
lower (Poate 1991, p.535).
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The SPER rate o f an undoped amorphous silicon (100) layer at 500 °C is less than 10 
Â/minute, rising to 200 A/minute at 575 ®C. High concentrations of arsenic, boron, 
and phosphorous increase the growth rate considerably (Sinke and Roorda 1990), with 
hydrogen (Roth et ût/. 1990, p. 1342), oxygen and nitrogen decreasing the growth rate 
(Sinlce and Roorda 1990). It is noted that fluorine also reduces the regrowth rate of 
amorphous silicon (Tsai and Streetman 1979, p. 186).
Overall the SPER rate can vary considerably, and is temperature, impurity 
concentration (Sinlce and Roorda 1990) and substrate crystal orientation dependent 
(Washburn 1981 cited Jones et al. 1998, p.4).
2. 9. 3 Solid solubility of boron in silicon
The solid solubility is the concentration of an impurity that can be dissolved within 
another material, with the concentration tlueshold being temperature dependent.
The solid solubility for boron in silicon reported by Collart et al. (1998) varies 
slightly from other data sources. Collart et al. (1998) quote a boron solid solubility of 
6 X 10^  ^ ions/cm^ at 900^C and 1.2 x 10^  ^ ions/cnf at 1000"C, where other sources 
(Streetman 1990, p.444)(SZE 1981, p.69)(Trumbore 1960, p.210) with results from 
higher temperatures provide values in the range 4.5 x 10^  ^ions/cm^ at 1100°C and 6.5 
X 10^  ^ ions/cm^ at 1400°C. Extrapolation of the other data (Streetman 1990, 
p.444)(SZE 1981, p.69) yield boron in silicon solubility values o f between 4 x 10^  ^
ions/cnf at 1000”C and 2.75 x 10^ ® ions/cm^ at 900°C.
Michel (1989, p.382) provide a value of 2.1 x 10^  ^ ions/cm^ for the solid solubility of 
mobile boron in silicon, with this being linked to an 800”C 1 hour amieal. Tsai and 
Streetman (1979, p .185) report that the observed boron carrier concentration o f -1.2 x 
10^  ^ ions/cm^ apparently corresponds to the solid solubility at 550 °C. The above data 
shows the solid solubility of boron in silicon is temperature dependent.
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2.10 Gate oxide
The use o f BF2 as the /?-type dopant can cause fluorine to accumulate next to the gate 
oxide, enabling boron penetration through the gate oxide into the silicon channel 
region, thus possibly degrading gate oxide reliability (Mineji et a l 1997, p. 406)’ 
(Brozek et a l 2001, p. 1297). This effect is ion energy dependent, and can be 
suppressed (Mineji et a l 1997, p. 407) by reducing the fluorine ion concentration. 
However with a large enough fluorine fluence the boron diffusion coefficients in 
silicon oxide can rise to over an order of magnitude higher, than if  no fluorine was 
present (Aoyama et a l 1995, p.418).
The literature expressing that the inti'oduction of fluorine into the gate oxide will 
adversely affect reliability is countennanded by literature indicating a positive side to 
fluorine inclusion. In a paper published in 1998, Ghidini et a l (1998, p. 256) 
predicted there is a critical field strength of 10.5 MV cm '', below which no negative 
fluorine related effects will occur (Ghidini et a l 1998, p. 256), this is more than the 5- 
6 MV cm"' where devices with 5 mn gate oxide thickness have to operate reliably 
(Brozek et a l 2001, p. 1293). It is also reported that medium concentTations of 
fluorine at the oxide/silicon interface have a positive effect on the breakdown voltage 
(Kruger et a l 2000, p .1338). These reports indicate the accumulation of fluorine at 
the oxide/silicon interface can provide a beneficial influence on the reliability of thin 
oxides (Ki'üger et a l 2000, p.l339)(Yeh et a l 1999, p.674), maintaining the integrity 
o f the quiescent power supply (Zhang et a l 1997, p.584).
To further the argument in favour of moderated fluorine inclusion, a molecular orbital 
theory examination by Maruizumi et a l  (1999, p.73), using MOP AC (Stewart 
accessed online 2003) a semi-empirical moleculai' program package, details the 
incoiporation o f nitrogen and fluorine to provide improved gate oxide integrity. They 
concluded:
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‘the synergetic affect o f  nitrogen and fluorine incorporation is due to 
the formation o f the Si2~N-F structure in both the oxide and 
interfacial region ’ (Maruizumi et al. 1999, p.73).
Similarly with nitrogen as for the fluorine incorporation near the oxide/silicon 
boundary, there is a tlireshold below which the nitrogen forms a complex with boron 
(B-N), and effective suppression of boron penetration occurs. The threshold of 
nitrogen co-implant is lO'^ ions/cm^, and above tliis level degradation of the electrical 
characteristics occur. The results were derived from the generation of PMOS 
capacitors, using 80 keV nitrogen implants, followed by BF2 and annealing in O2 
ambient (Chao et al. 1996). The use of nitrogen to form oxynitrides is relevant for the 
formation of reliable thin gate oxides of < 2.5 mn, and can be generated by using 
minimal amounts of nitrogen to form a SiOxNy film, at temperatures as low as 760 °C 
(Green et al. 1997, p.2978). For the future a continued reduction in the oxide 
thickness is necessary for industry requirements (ITRS 2002).
Since the use of fluorine is controversially linlced to degi adation o f the gate oxide, the 
use of BCL^ as the implant ion may be feasible. Laviron et al. (2002) have performed 
implants of 8 keV BCb^ and made comparisons with boron and BF2^ . They state their 
results show as mentioned earlier (in Section 2. 7. 1: Compomids) that chlorine does 
not enhance boron penetration into the gate oxide, and although optimisation is 
necessary the BCb^ ion could be used as the gate implantation step.
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Chapter 3 Experimental Techniques
To change the electrical characteristics of the silicon substrate dopant atoms are 
implanted by being directed onto the silicon wafer with a pre-detemiined implant 
energy and a set quantity. The ions being implanted penetrate into the silicon lattice 
coming to rest after a series of collisions. The depth that the ions come to rest within 
the substrate is not only a fimction of the implant energy, but also the mass of the ions 
being implanted and the state of the silicon substrate. The substrate may be pre- 
amorphised and therefore prevent deeper chamielling of the ions down tlirough the 
vacant space of the silicon lattice stmcture. Post implantation the wafers undergo a set 
of procedures to enable electrical characterisation to occur.
The results in this work did not involve the manufacturing of devices, and as a 
consequence the processing steps were limited to cleaning, thermal treatment, 
patterning, forming electrical contacts and then the analysis. Although some basic 
SIMS and RBS data was obtained, the scope of the electrical analysis was confined to 
the determination and examination of Hall effect data.
3.1 Ion Implantation
3.1 .1  Ion implantation procedure
All implants were perfonned with a 200 kV Danfysik D PI090 ion implanter, using a 
CHORD IS ion source (Gwilliam 2002). Within the implantation equipment, the 
implantation of ions occurs after extraction hom a source, mass selection by the 
analysing magnet, then focusing onto the target. The beam line direction at the target 
is controlled by beam scanning magnets, as shown in Figure 3.1.
All the source material selected for each halide implant was reported as being 99.999 
% pure. All halide implants provided a beam of molecules, which each molecule 
consisting of one boron atom with two halide atoms in an ionised state (BHz^), with 
the exception of the boron iodide source that was not used. A technician at the
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University of Surrey NODUS centre reported that the boron iodide source did not 
provide a beam. The target wafers used were 100 mm phosphorous (35 Q cm) 
doped CZ n-type (100) silicon.
Source State Beam Isotopes
implanted
Energy (keV) Target Beam Current (/llA)
BF3 Gas B+ ’*B 5 12-20
BF3 Gas B F/ "B‘"F2 22.6 50
BCI3 Liquid-gas BCL" 35çj37ciilg 37.4 10
BB:3 Liquid BB^+ ’W ‘Br“B 7&9 2
Table 3JL Halide implant source beam energy and current.
The BCI3 and BBrg sources (listed in Table 3.1) were comiected to the ion source 
supply of the ion implanted by bespoke stainless steel tubing and a negretti valve, 
with the BF3 source connected through the standard gas delivery system. The negretti 
valve was situated inside the high voltage implanter cage, and a Perspex handle was 
fitted to the valve so source magnitude adjustments can be made during the beam set­
up phase without interrupting the beam’s integrity. The halide beam was extracted 
from the ion source chamber and chamielled through the analysing magnet, this 
determines the mass of the material that will progress to the implantation chamber. 
Various magnets eiisine the beam is focused and aligned to the correct location. The 
beamline was maintained at low vacuum pressure (10’^  bar), to ensure other atoms do 
not deflect the molecules witliin the beam and preserve purity.
The B B ^/ beam was at time unstable and had a maximum target current of 
approximately 2 pA, with the BCL^ beam being more stable and providing a beam 
current of approximately 10 pA. The B^ and Bp2^  ions provided good beam currents. 
Due to problems maintaining the BB%/ molecular beam, the resolution of the 
molecular mass was not so precise, and as discussed later in Section 4. 1 the selected 
molecular isotope implanted may include molecular masses of ±1 mass above and 
below.
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BFAM B O A N N IN n  
COl LECTOR CHAM BE R Q U A D R U PO L E  TRIPLET M A G N ET S
. .. ■  ^  ''
C R Y O P U M P ION IMPLANTATION CHAMBER
DIPOLE ANALYZING MAGNET  
WITH KOI A IE A B LE  POLE 1 IPS
VERTICAL BEAM S T E E R E R  
A C C EL ER A TO R  COLUMN
, ION S O U R C E  S U P P L IE S
 M OTOR G E N E R A ! OR
150 kV ACCELERATION S U P P L Y 1 m
lUN SO U R C E  MUUi I  9>’1 W l l l l S U k V I  XI RAC I ION
Figure 3J. Layout o f Danfysik implanter system, showing element and isotope separator (Dipole 
analysing magnet) and ion implantation line (Dipole analysing magnet through to the ion implantation 
chamber) (Chini et al. 2001, p.314).
Once the beam is set-up and steady, the implant fluence is programmed and the wheel 
containing the wafers can be rotated to the correct wafer (the wafers are preloaded 
onto the holding wheel before the machine is pumped down to vacuum). During 
implantation the beam is automatically swept across the wafer, also passing over 
faraday cups which enables measurement of the fluence. Once the correct fluence is 
reached the beam stop prevents any further implantation occurring, and machine 
operator intervention is required.
Each wafer is held in a clamp and this prevents part of the outer perimeter of the 
wafer from being implanted, this is detailed in Section 3.2.  1 : Wafer cleaving. Once 
the wafer implants are complete the vacuum in the machine is released and the wafers 
are recovered.
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3 . 1 . 2  Implant fluence calculation
The implant fluence along with the ion energy are important parameters that help to 
determine the character o f any implanted region.
The fluence is the total number o f ions entering a substrate over a unit area. The 
fluence is defined in Equation 3.1 (SZE 1988), with the fluence O , inversely 
proportional to the product of charge Q {Q = mq, where q is the charge, and m the 
charge state) and area A , multiplied by the integral of ion beam current /  delivered 
over a time t :
<D = —  \ldt (3.1)QA J
To calculate an approximate value for the fluence we can rearrange the following 
peak concentration first-order approximation formula (SZE 1988):
0  0 .40
Where n is the peak concentration of the implanted dopant, and a^  (also know as 
A/?^) is the straggle.
Using Equation 3.2, we can calculate the peak concentiation for a boron fluence of 2 
X ions/cm^, Table 3.2. The values for the projected depth and straggle are 
provided by the TRIM (Biersack and Haggmark, 1990) and SUSPRE (Webb et al. ca. 
1990) software, for a 5keV B implant into silicon simulation, with a T  incident angle.
Calculated peak Fluence (nm) A/?p (nm)
Concentration (ions/cm^) (ions/cm')
8.16 X 10'* 2 X lO"' 21.1 9.8 TRIM
6.46 X 10'* 2 X 10"* 19.88 12.4 SUSPRE
Table 3 ^  Calculated peak coiicenti-atioiis using straggle from TRIM and SUSPRE software.
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3. 1 . 3  Electronic and nuclear stopping
As ions penetrate into a solid they experience energy loss by either electronic or 
nuclear stopping. Nuclear collisions are elastic and occur when two atoms collide, 
with the transfer of energy being a function of the mass, momentum and direction of 
the two atoms. Electronic collisions are inelastic and direct kinetic energy is 
transferred to target electrons due to electron-electron collisions. Electronic energy 
loss can originate from direct energy transfer as mentioned, ionisation of the target 
atom or electron capture of the incident ion (Ziegler et al. 1985).
During the implantation process, damage generated by the nuclear collisions of 
implantation ions produce Frenlcel pair defects, which consist of a vacancy and an 
interstitial. If the mass and energy of the implantation ion is sufficient, a large number 
of Frenkel pairs are produced, leading to amorphisation of the silicon substrate 
surface. The depth and thicloiess of the amorphous layer is dependent on the mass of 
the implantation ion and the magnitude of the implantation ener*gy.
3. 2 Sample preparation
3. 2.1 Wafer cleaving
Once the wafer has been implanted, 8-10 rnrn^ square samples are cut for the Hall 
effect analysis. Below in Figure 3.2 is an example of wafer sectioning, in this case it 
performed on a 100 mm diameter wafer. During the implantation process the wafer 
may be clamped towards the edge, and as a consequence the outer region is unlikely 
to have the correct fluence and should not be used for processing. It is also best to 
ignore the lettered samples as these are still close to the outer area. The labelling of 
the wafer can provide additional information about the uniformity of the implantation 
process, and may help in the analysis of anomalies once the samples have been 
processed.
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Figure 3_2 Diagram o f  100 mm wafer (outer ring is 10 mm from edge).
3. 2. 2 3-stage clean
Upon cleaving, the samples have their identity engraved on the back so they can be 
recognised during and after processing. All samples are then given a 3-stage clean 
following the University of Surrey Micro-fabrication Laboratory recommended 
procedure:
■ Place the sample in boiling acetone [(CH3)2CO] for 5 minutes
■ Directly after into boiling methanol [CH3OH] for 5 minutes
■ And then directly into isopropyl alcohol [(CH3)2CHOH] at room temperature (RT) 
for 2 minutes.
■ The samples are then rinsed in de-ionised (DI) H2O and immediately dried with 
N2 gas.
To boil the acetone and methanol, the beakers containing the solvents were placed on 
a hotplate which was set to 100®C. Acetone has a boiling point of 56.2‘*C and 
methanol has a boiling point of 64.96"C (CRC Handbook of Chemistry and Physics
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1975). To prevent the dishes containing the solvents from boiling dry, a larger dish 
was placed over to contain evaporative losses.
3. 2. 3 Thermal processing
Thermal processing was accomplished with a Process Products Corporation RTA 
system using a Micristar 828 model Heat Processing Controller. Anneal temperatures 
of between 600°C and 1100°C were applied under flowing Nz gas for times of 10 to 
1000 seconds, with a ramp rate in the region of 70°C/s.
The N2 amiealing gas was supplied though a liquid filter at a flow rate of between 1 
and 1.5 litre min"\ and was used to prevent impurity related effects occurring on the 
samples being annealed.
Initially to check the ramp rate of the PPC annealer a plot was produced. Clearly 
shown in Figure 3.3 are the calculations to ascertain if the machine setting of 70°C/s 
translated to the actual. For the 800°C 5 second anneal shown the ramp rate was fairly 
accurate slowing towards the peak of the profile, although as with all anneals the 
cooling rate was much less than the specified 70°C/s. Additionally although in this 
test we obtained close to the setting of 70°C/s ramp rate, in reality many other anneals 
were in the region of 60”C/s. Cooling rates were dependant on the ability of the 
machine to disperse heat tlirough the water cooling system upon turning off of the 
power to the halogen lights.
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: m
Figure Plotted graph showing the determination o f PPC RTA ramp and cooling rates o ff a test plot.
Before proceeding with any anneal, the anneal temperature and time settings were 
checked by comparing and measuring the plots for each against pre-determined 
figures. The figures were calculated from 3 minute duration anneals at 1100"C and 
550”C, and are shown in Table 3.3, with some example anneal plots shown in Figure
3.4.
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Vertical temp CC)
Measure­ Te?np C'C)
ment (mm)
1 6.09
2 12.17
5 30.43
10 60.87
20 121.74
30 182.61
40 243.48
50 304.35
60 365.22
70 426.09
80 486.96
90 547.83
100 608.70
110 669.57
120 730.43
130 791.30
140 '852.17
150 913.04
160 973.91
170 1034.78
180 1095.65
190 1156.52
200 1217.39
Horizontal time (s)
Distance Time (s)
(mm)
1 6
2 12
3 18
4 ... 24
5 30
6 36
7 42
8 48
9 54
10
Time (s) Distance
(mm)
1.............. "jo. 17.......2 033
0.50
4 0.67
5 0.83
6 LOO
7 1.17
8 11.33
9 1.50
10 1.67
30
100 16.67
Table 3 3  Calibration figures for PPC RTA plotter. Time data is based on 2 cm/min paper movement 
setting.
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Figure 3 ^  Example anneal plots. Used to check amieal parameters.
Before any set of anneals, a high temperature (llOO^C) purge anneal would be 
performed to clear the anneal chamber of any contaminants, then for each anneal 
thereafter a temperature versus time plot would be produced to visually check that the 
correct parameters were used and no anomalies occurred. A typical anneal would 
involve setting of the anneal parameters on the PPC Micristar controller, placing of 
the 8 - 1 0  mm^ samples into the annealing chamber and then annealing. Should any of 
the services to the PPC machine not be working the anneal would not take place, and 
an error light would indicate the area of the problem.
3. 2. 4 Etching
After annealing the samples are given another 3-stage clean, in preparation of and just 
before the photolithography stage. This is to remove any particles which would 
prevent photoresist from adhering cleanly to the silicon surface, causing lift-off in the 
etch solution and thus destroying the pattern being generated, rendering the sample 
useless.
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To measure the electrical characteristics of the sample it was necessary to etch a van 
der Pauw pattern (four leaf clover design) into the sample, and this was performed 
using photolithography. A thin positive photoresist layer was spun onto the sample, 
then after drying was exposed through a mask to ultra-violet (UV) light. The exposed 
photoresist dissolves in the developer, leaving only the patterned part of the silicon 
covered. The area covered by photoresist on the Si surface is protected when the 
samples are etched in hydrofluoric (HF) acid. An etch depth of 1 pm is more than 
adequate if the dopant profiles to be measured are in the region of 150 nm. Figure 3.5 
shows a graph of the etch depth after immersing test samples in HF acid for various 
times. After etching the photo-resist is cleaned off the silicon by soaking in clean 
acetone twice, preventing any light residue from remaining on the sample. The sample 
is subsequently rinsed in isopropyl alcohol (IPA), then in de-ionised (DI) H2 O, and 
finally dried with N2 gas.
12000
♦  40%  Buffered HF 
■ 48%  Buffered HF11000 -
10000  -
9000 -
8000 -Q.
“ 7000 -
6000 -
5000 -
4000
120 150 180
Bch time (seconds)
210 240
Figure 3^ 5 Graph shows etch depth verses time for buffered HF solutions of 40 % and 48 %. Etching 
was performed at room temperature. Etch solution was HF 40 % or 48 % (10ml), HNO3 69 % (125ml), 
H2 O DI (125ml). Etch depths measured using Dektak and Talystep - Silicon samples were implanted 
with 30 keV lO'^  boron ions/cm^ fluence.
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The time the sample is immersed in the etchant determines the depth of isolation 
surrounding the photoresist covered area. Test samples were immersed for periods of 
upto 5 minutes in 2 different strengths of etchant, rinsed in H2O and dried under N2 
gas. The etch step depth was measured, Figure 3.5, showing the etch depth is linear 
with time within reasonable experimental error.
3. 2. 5 Electrical contacts
Electrical measurements determine the sheet resistance, sheet carrier concentration 
and earner mobility within the sample. In this project an Accent 5500 Hall 
measurement system was used.
Ohmic contacts are placed on samples enabling electrical measurements to be 
performed. Below are two methods for placing Ohmic contacts on samples:
■ Sintered aluminium and silver paint.
“ Ga/In eutectic paste and solder wires
Sintered aluminium contacts are utilised in this work, and explained below, the other 
method is explained in the HL5900+ Hall Profiles Operating Manual (BioRad 
Manual, October 2002).
Once the samples have been painted with photo-resist to isolate all but the contact 
areas (and baked at 100°C on the hotplate for 60+ minutes), they imdergo an oxide 
etch and are placed into a general evaporator. The evaporator apparatus is evacuated 
to create a vacuum of at least 10’^  bar. The contact areas that are not covered in 
photoresist are the regions aluminium will adhere to when evaporated (in vacuum). 
The aluminium Olimic contacts are kept to the outside comers of the sample (Figure 
3.6). and are moderately small in dimension so that they do not intrude onto the 
central sample area, which may be used for depth profiling. Once the aluminium is 
evaporated onto the samples, they are cleaned with acetone, IP A, rinsed with DI H2O 
and dried with N2 gas. It is recommend the evaporated aluminium contacts should be 
sintered at 550°C for 3 minutes Manual (BioRad Manual, October 2002), although I 
have found using a temperature of 450“C for 3 minutes provides contacts of equally
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good quality, and does not intrude as deeply on the lower temperature annealed 
samples.
Non etched 
van der Pauw Pattern
Etched surface
Outside of circle is area to 
be isolated with flowing silicone 
rubber, when depth profiling 
the sample
Evapourated aluminium contacts
Figure 3^ 6 The 5 van der Pauw pattern. Created on 8 to 10 mm  ^cleaved silicon samples
3. 2. 6 Hall Effect Measurements
Once the samples have Ohmic contacts, they can be validated using the Accent 
HL5500 Hall system. If the contacts prove to be Ohmic, the sheet resistance, sheet 
carrier concentration and carrier mobility can be determined.
When preparing to make Hall effect measurements, care is required whilst placing the 
sample under the contact probes, as it is possible for the probe tips to puncture the 
aluminium contacts, rendering the sample useless. The aluminium contacts can be in 
the region of 0.06 pm to 0.18 pm thick.
Looking now at the electrical measurements, when a magnetic field is applied 
perpendicular to an n-type or /?-type material, the holes or electrons tend to be
deflected. To maintain steady state an electric field is established, and it is the
establishment of this electric field, which is called the Hall Effect. The Hall 
coefficient also known as the proportionality constant is inversely proportional to the 
product of current and magnetic field, and can be used to determine the carrier 
concentration or (Streetman 1990, p.89).
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The sheet Hall coefficient (Hs) on the Hall effect equipment used for this project is 
determined by applying a magnetic field (HL5500 system B = 0.328 Tesla) 
perpendicular to the sample surface. A current (I) is then applied at two non-adjacent 
contacts on the sample (sample geometry is shown in Figure 3.7), with the potential 
difference (V h) being measmed across the other two contacts. The bulk Hall 
coefficient can be calculated from the sheet Hall coefficient Equation 3.3. by 
multiplying by the thickness of the electiical junction (Equation 3.3 to 3.8, BioRad 
Manual October 2002).
H , = ^ c m V C  (3.3)IB —
Where I  is the cuiTent and B the magnetic field. Once the Hall Coefficient is 
determined, the carrier concentrations and mobility can be calculated.
1 1 2Pq = ------  or Mg    ions/cm (3.4)çH  ^  g
Where q is electron chaige, p^  ^ is the hole concentration and is the electron 
concentration per cm^, also Imown as the sheet carrier density
The Hall mobility {pn) is determined using the ratio of the Hall coefficient {Hs) and 
the sheet resistance {Rs) (BioRad Manual, October 2002).
cnf/V-s (3.5)
The sheet resistance using the van der Pauw method can be determined by the 
following:
y Tz T/ \
jF(i2) CVSq. (3^ü21n(2)
^  3^2
v-^ 12 A) y
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Q and F  are the symmetry and correction factor respectively. The symmetry factor is 
the ratio of two voltage/current values as shown in Equation 3.7. The correction 
factor, F can be determined by reference to gi*aphs, or by using an approximation, 
Equation 3.8. The voltage term V43 along with the current term I  12 are shown in Figure 
3.7, where in this case a fixed current is passed through the two adjacent contacts (1 
and 2) and the voltage in the other adjacent contacts (4 and 3) is measured. This is 
performed again using different sets of adjacent contacts to obtain V32 when applying 
I4! (BioRad Manual, October 2002), if  the material is unifonn the voltage current 
ratios will be quite similar and provide a symmetry close to 1.
^43 n  _  ^32 . n  — ^43-^41 _  1
7 R I  V ~''12 -‘41 -^ 2 -‘12^ 32
(171
rF  = 1-0.34657 g - 1  Q + l -0.09236 0 - 1 (M )
For this project a square patterned probe is used to detemiine the resistance of the 
samples. The probe is part of the Accent HL5500 Hall equipment and also used to 
determine the sheet carrier concentration and mobility of the majority carriers.
/ y
Contact 4 Contact 1
/
y z  /
zrzir;:::::
y
y
Contact 3 Contact 2
Figure 3T  Probe contacts for making resistivity and Hall effect measurement.
Measurements of the electrical properties of implanted samples are performed initially 
with the Accent HL5500 machine to obtain sheet resistivity values, then for further 
investigation of the impurity profile the BioRad HL5900+ Hall profiler can be used,
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to obtain bulk results. The HL5900+ performs the electrical measurements (using the 
Hall effect method) after a periodic etch to a pre-set depth into the sample. The 
measurements are automatically repeated to determine the bulk carrier concentration 
depth profile. Since the junction depths being measured are shallow, the set-up of the 
Hall profiling machine requires substantial tuning to obtain quality results. The data 
produced was not of an acceptable standard and therefore not included within this 
dissertation.
3. 3 Determination of errors
In order to view results objectively an appreciation of the experimental eiTor follows.
For the thennal treatment of implanted samples an 18 lamp RTA was used. A bare 
wire K-type thermocouple was used to determine the temperature within the 
annealing chamber, bonded to the wafer holding the samples. Dean Mansfield, the 
laboratory teclinician obtained the operating limits of the K-type thermocouple. The 
K-type thermocouple has a maximum operating limit of 1300 °C, with an accuracy of 
1.5°C for the range of -40°C to +375°C, 0.4 % for +375°C to +1000°C and 0.75 % 
above 1000°C (Personal communication, ca. 2002). Additionally increased annealing 
error occurs when the RTA controller seeks to achieve the temperature set within a 
certain time. If the settings are outside o f the tuned rage for the controller, an 
overshoot and/or undershoot can occur. From experimental data it was determined 
that the RTA temperature error provides overall a maximum of within 5 % over and a 
maximum of within 1.3 % under (70°C/s ramp rate and cool rate set).
To confirm the Accent HL5500 Hall effect machine is correctly measuring the contact 
resistances, a known 1 kQ resistor network was placed between the four contacts. The 
four resistors were soldered together end to end. Figure 3.8.
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Figure 3 ^  Resistor network o f  1 kQ resistors used to validate the Accent HL5500 Flail effect contact 
readings.
The contact pairs should be equal to 750 Q for measiuements between adjacent pairs 
and 1 kQ for opposite pairs. The results show a maximum variance of 5 %.
Now looking at the measurement repeatability of the Accent HL5000 Hall effect 
analysis machine. Hall effect analysis performed on four 5 keV 2 x IQ^ '^  
ions/cm^ samples cut hom the same wafer and identically processed, show upto 9.34 
% difference between the maximum and minimum value of sheet carrier 
concentration (Table 3.41 The samples were all aimealed at together at 1000°C for 10 
seconds.
The overall variance would include other possible differences that could affect the 
reading, such as angle of implant, contact depth and probe positioning onto the 
sample contacts.
Sheet Carrier concentration Sheet resistance Hall mobility
9 J4  34 7.49% 1.97%
Table 3A  Error percentages based on the difference between the minimum and maximum values o f  
four samples. The samples were annealed together at 1000°C for 10 seconds.
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Gwilliam (Personal communication, August 2004), the engineer performing the 
implants has established the Danfysik DF1090 200 kV implanter can produce results 
that provide fluence to witliin ±5 % and reproducibility within ±2 %, unless the 
implanter is in deceleration mode.
Overall sample experimental error should not be more than approximately 20 %.
3.4  RBS / SIMS
Further deeper investigation of sample impurity concentration profile involves the use 
of more complex analysis techniques, such as Hall depth profiling as mentioned, RBS 
or SIMS. All the electrical measurements performed by myself were with standard 
Hall effect equipment, although some samples were analysed by my supervisors with 
RBS or SIMS (Gwilliam 2002).
RBS is a non-destructive method of surface and near surface analysis, where low 
mass ions like hydrogen or helium are used as the incident beam. The ions in the 
beam are deflected from the surface and the angle and energy of the backscattered 
ions are measured. Random and channelled RBS measurements were perfonned in 
this project using a 1.5 MeV He^ ion beam at normal incidence, with the 
backscattered ions being measured by two detectors mounted at scattering angles of 
133° and 163°. Data analysis was performed using the Ion Beam Analysis Data 
Furnace (Barradas et a l 1997), and some results are included in Section 4. 2 : RBS 
results.
For the SIMS analysis a primary beam consisting of either caesium, oxygen, argon or 
gallium can be directed onto the sample. The subsequent impact cascade causes 
ionised and non-ionised atoms to be ejected fi*om the surface. The ionised atoms aie 
the secondary beam, and are passed though energy and mass separation magnets, 
before having their abimdance measured.
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3. 5 Automation of sample processing (Autoetcher)
The process of sample preparation can be time consuming, not always precise and 
very often hazardous to health because of the use of acids and solvents. Due to the 
dangerous nature of acids, especially hydrofluoric acid which is regularly used in 
laboratories processing silicon, automation of the etching process can provide more 
accuracy as well as a higher level of safety.
Therefore as part of this research I undertook a project to design and build an 
automatic etching machine that although was primarily for processing samples bound 
for Hall effect analysis, can be used for a multitude of other processes.
Figure 3^ 9 Autoetcher sample processing machine
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The initial design of timed sample etching was improved on to include etch solution 
stirring and heating. Figure 3.9 is a sketch of the Autoetching machine, with Figure 
3.10 providing descriptions of the functionality of the machine.
The process starts by the loading of samples and entry of etching, rinsing and drying 
times. If heating and/or stirring of the etchant is required this would be put in 
operation before commencement of the etching cycle.
LCD & kqrpad to 
program operations
Emergency stop
Heater temperature 
display
Acid temp erature & 
heater controller oooODDOOOAcid diermocouple 
controls heater — N jdry
stationFTFE sample holder
Heater unit located 
under acid and 
temp erature resistant 
FTFE sheet FTFE tray inside 
holding beakersAcidHot plate 
thermometer HgO rinse
Figure 3.10 Autoetcher plain view  with descriptions
The core of the machine is HCll microprocessor controlled, with stirring and 
temperature settings governed separately. The movement of the sample holder is 
performed by low voltage 1.8° stepper motors, and monitored by optical sensors 
which provide feedback to the stepper motor drivers via the microcontroller. The data 
entry and display functionality is handled by appropriate application specific chips, 
again linked to the microcontroller.
The main PCB controller holding the Motorola HCll microcontroller, the keypad 
control chip and the stepper motor drivers is show in Figure 3.11.
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\
Figure 3.11 Autoetcher main HCl 1 microcontroller PCB, containing keyboard interface, LCD output, 
opto sensor input array and air cooled stepper motor drivers.
The RS232 computer interface is located on the left in front of the boot configuration 
switches, and next on the right are two stepper motor drivers, with heat sinks to 
reduce the possibility of overheating. Aligned along the bottom are the stepper motor 
and keypad output pins, with the keypad controller just in front to the right. Other 
notables are the opto-electronic sensor input array far right, and the main processor 
(HCl 1) towards the top left, along with the support components.
The schematic in Figure 3.12 outlines the functionality of the main HCll 
microcontroller PCB and the nitrogen gas switch. This provided the blueprint for the 
PCB designs.
61
■JN'3 
JO) sspoip
>  to E
■JH'3 -'taeq 
J0( sapoip rniMX t; Ê
SOd
COd
O
'p P P £ E K S: 
111 ESESyoajxoa.1
zwoov - owoav siaacw-suactf
4.7kQ
Figure 3.12 Autoetcher schematic.
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Chapter 4 Results & discussion
Presented in this section is the initial SIMS investigation into as-implanted boron 
bromide. The first test implant was performed using the boron bromide liquid source, 
and although the implant current was limited with a sometimes troublesome beam, a 2 
X 10'“^ ions/cm^ fluence was implanted at 75 keV. The 75 keV BBi2^  is not
exactly equivalent to 5 keV boron (4.8 keV boron), however it is close and later in the 
project all further implants were performed to be exactly equivalent to 5 keV boron.
Following on are the RBS results for the as-implanted and amiealed 75 keV 2 x 10^  ^
BBi'2^  ions/cnf implant. Figure 4.4 through to Figure 4.7 show the analysis for 
channelled and random samples, the samples were as-implanted or annealed at 800°C 
or 1100°C for 5 seconds.
An in-depth Hall effect analysis of all the halide implants was perfonned, providing a 
substantial data baiilc of figures. The implanted material underwent thermal 
processing to activate the boron dopant before measurements were taken. The anneal 
temperature and time matrix includes data for 5, 10, 30, 100 and 1000 seconds, and 
temperatures from 600°C to 1100°C in 100°C steps as wells as additional 50°C steps 
between 800°C and 1100°C.
4.1 SIMS results
4.1.1 75 keV BB1 2  implant, showing equivalent 5 keV boron
When comparing the boron simulated peak concentration with samples implanted at 2 
X 10^  ^ BBr2^  ions/cm^ shown in Figure 4.1, it is clear the values appear to be quite 
close. The TRIM simulator software calculated peak concentration value of 8.16 x 
10 '^ B ions/cm^ is a little higher, as the sum of the ®^B and ” B profiles in the SIMS 
profile at the pealc of the distribution is 6.44 x l O ^  ions/cm^. This result suggests the 
correct isotopic percentages for boron were implanted as the ’^B peak concentration is
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3.9 times larger than the measurement (CRC Handbook of Chemistry and Physics 
1969).
 TRIM 2000.40 ifanaladon
 As-implanted SIMS lOB
 As-implanted SIMS IIB
.1610 0.00 0.02 0.04 0.06 0.08 0.10 0.12
Depth (urn)
Figure 4J . SIMS analysis o f  a 2 x  10*'’ ions/cm^ fluence 75 keV implant energy into crystalline 
silicon, showing both the ‘®B and *‘B profiles. A lso included is a TRIM simulation o f  5 keV boron 
implanted with a 1 °  incident angle.
Upon reviewing Figure 4.1. the question arose, why do we have a signature at all? 
The explanation for the high level of as well as '*B is based on the low beam 
current generated by the BBrs liquid source at the time of the implantation. The 200 
kV Danfysik DPI090 ion implanter was operated to obtain maximum current from a 
weak ion beam, and to do this the resolution of isotopic selection was reduced. The 
selected isotope of '^B^^Br^^Br was implanted along with ’^ ^^Br^^Br and 
*®B*'Br^ *Br, which are the isotopic configurations one atomic mass either side of the 
primary.
As well as the reduced mass selection it is quite possible that hydrogen contamination 
occurred with H and *®B presenting the same atomic mass as *'B (Gwilliam 2002).
To enable a comparison for the boron profile of the 75 keV BB%  ^implant the SIMS 
data from a 5 keV 3.3 x 10^  ^boron ions/cm^ fluence implant was used (Smith, August
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2004). The 3.3 x 10^ * ions/cm^ fluence results were scaled down by a factor of 1.65, 
which is the difference to the 2 x 10*'^  ions/cm^ fluence, and is shown in Figure 4.2.
1E+21
 Adjusted 5 keV 3.3 x 1 4  1 1b  cm'2
B cm‘2 (BBr2+ implant)
 TRIM 2000.40 simulation - 5 keV B into
siiicon_______________ _________
^ —5 keV 2 x 1 01E+20
1 E + 1 9
1 E + 1 8
1 E + 1 7
1 E + 1 6
0.00 0.05 0.10 
Depth (urn)
0.15 0.20
Figure 4^2 SIMS analysis o f  a 75 keV (4.83 keV *’B) 2 x  10'“’ ions/cm^ fluence implant and an 
adjusted 5 keV 3.3 x  10'‘* "B^ ions/cm^ fluence (Smith, August 2004) into crystalline silicon. Both 
implants were performed with a 7° incident angle and a 22° twist. A 5 keV boron into silicon TRIM  
simulation is also shown for comparison.
The boron bromide implant provides a shallower boron profile than the boron 
monomer implant for almost equivalent boron implantation energies. The bromine in 
the boron bromide molecular ion implant enables a higher level of damage to occur to 
the silicon substrate, and consequently the boron does not experience as much 
channelling. This confirms the ability of the boron halide implant using bromine to 
provide shallow implanted junctions. Also shown in Figure 4.2 is the shallower 
profile provided by the TRIM (Biersack and Haggmark 1990) simulation software. 
The simulation shows the result of a 5 keV boron monomer implant into amorphous 
silicon, at a T  incident angle.
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4.1. 2 75 keV 2 x 10^  ^ BBrz ions/cm  ^ implant, showing bromine 
isotopes
The SIMS results shown in Figure 4.1 and Figure 4.3 provide a qualitative view of the 
boron and bromine isotopic distributions after implantation. Details of the 
implantation of the BBra source and comparisons between BB%  ^and BF2^  implants 
after annealing are reported on elsewhere (Gwilliam 2002), and show bromine 
redistribution after annealing is not excessive.
The SIMS analysis in Figure 4.3 is uncalibrated, with the profile being represented by 
counts per second versus depth. Both the bromine isotopes have similar profiles, with 
the ^*Br isotope showing a slightly higher concentration deeper within the silicon 
substrate, this may well be related to the mass resolution discussed in Section 4. 1. 1.
Î
10®
10®
—  30SI[c/s]
—  28SUlB[c/s]
—  79Br [c/s]
—  81 Br [c/s]
0
0 0.02 0.04 0.080.06 0.1 0.12 0.14
Depth (um)
Figure 4 3  As-implanted SIMS analysis o f  a 75 keV 2 x  lO'"* ions/cm^ fluence implant into
crystalline silicon, showing both the ^^Br and **Br profiles, the silicon substrate and an incorporated 
boron profile.
The similarity of both of the bromine isotopes ^^Br and ^'Br in Figure 4.3. indicates 
that a relatively similar quantity of both was implanted.
66
4. 2 RBS results
RBS analysis was performed only for the 75 keV 2 x 10^  ^ BBr2^  ions/cm^ implant, 
with the results being shown in Figure 4.4 to Figure 4.7.
Figure 4.4 shows the RBS analysis for (75 keV 2 x lO*'^  BB%  ^ ions/cm^ implanted) 
Bbbrlc: 800°C 5 second annealed channelled, Bbbr4c: 1100°C 5 second annealed 
channelled, Bbbraic: As-implanted channelled, Bbbr4r: 1100°C 5 second annealed 
random. Both the silicon and bromine signatures are present in Figure 4.4. although 
the bromine is not obvious, with it being shown more clearly in the expanded view of 
Figure 4.5. The expanded view is taken between channel 365 and 410 from Figure
4.4, and is the bromine signature penetrating into the substrate from the surface.
If the RBS results were related to the kinematic scattering factors, this would provide 
an indication of the depth the bromine atoms reach within the silicon substrate. From 
the SIMS results we can suggest the bromine signature, which is shown in expanded 
view (Figure 4.41 has an as-implanted depth in the region of 100 nm (based on Figure 
4.1 and Figure 4.31 where the bromine atoms had an implant energy of approximately 
35 keV each.
BBr-j into Si 800°C  5 sec  annealed channelled 
1100°C  5 sec  annealed channelled  
A s-in^ lanted  channelled  
1 100°C  5 sec  annealed random
B b b r lc
B bbr4c
Bbbraic
Bbbr4r
6 0 0 0  n
Channel 4 1 0
Figure 4^4 RBS analysis o f  a 75 keV 2 x  10'‘‘ ions/cm^ implant into crystalline (100) silicon. The
wafer was implanted with a 7° incident angle and 22° twist.
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The silicon substrate is close to amorphisation (Webb et al ca. 1990) after the 75 keV 
2 X 10^  ^BBri^ ions/cm^ implant, with the depth o f the damaged region being shown 
by the channelled signal (Bbbraic) in Figure 4.4. During RBS analysis the light 
incident ions travel into the implanted silicon substrate and backscatto' off either 
silicon Frenkel defects or impurity atoms, which are located in non-uniform patterns 
due to the disruption caused by the BBri^ implant. After annealing the damage is 
much reduced, and this is shown by the Bbbrlc and Bbbr4c RBS signals which 
represent the 1 lOO^ C and 800°C 5 second anneals respectively.
In Figure 4.5. which is the expanded view o f the bromine signal, the 1 lOO^ C 5 second 
annealed random spectra provides the strongest signal, which is expected, as it does 
not lose scattering signal from the incident beam channelling. The as-implanted 
channelled bromine signature provides the next strongest response, followed by the 
800°C 5 second and then the 1100®C 5 second anneals respectively. The channelled 
results provide the weakest signals due loss o f backscattering signal as the incident 
beam channels deeper into the substrate.
8 0 0 ^  5 sec annealed channelled —— Bbbrlc
Bbbr4c100-1 1100°C 5 sec annealed channelled
As-implanted channelled Bbbraic
1100°C 5 sec annealed random ----  Bbbr4r
410365 Channel
Figure 4j5 RBS analysis of 75 keV 2 x lO*'* BBr2  ^ icms/cm  ^implant into ciystalline (100) silicon. The
wafer was implanted with a 7° incident angle and 22° twi^ The plot shows an expanded view o f 
Figure 4.4 between channd 365 and channel 410 showing the bromine peak
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800°C 5 sec annealed -----  Bbbrlc
channelled3 0 0 0 -1
1100°C 5 sec annealed -----  Bbbr4c
channelled
As-implanted -----  Bbbraic
channelled
410Channel
Figure 4 .6  RBS analysis o f  75 keV 2 x  lO''* B B î2  ^ ions/cm^ implant.
Figure 4.6 shows an expanded view of Figure 4.4 without the random signal and with 
the Counts axis amplified. The peak shown near channel 390 is the bromide signature 
penetrating into the silicon substrate from the surface.
As-implanted random ----- Bbbrair
1100°C 5 sec annealed random -----  Bbbr4r
800°C 5 sec annealed random -----  Bbbrlr
1 0 0 -1
365 410Channel
Figure 4/7 RBS analysis o f  75 keV 2 x  lO''* BBr2  ^ ions/cm^ implant, between channel 365 and channel
410 showing the bromine peak.
Figure 4.7 shows an expanded view between channel 365 and 410 of the signal for 
Bbbrair: As-implanted random, Bbbr4r: 1100°C annealed 5 second random and 
Bbbrlr: 800°C annealed 5 second random. The only visible difference between the 
annealed and as-implanted bromine signals is the slightly higher magnitude of the 
annealed signals.
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4. 3 Hall effect
The following sections contain graphs that were derived from Hall effect analysis.
4. 3 .1  Boron m onom er im plants
The data in this section covering the boron implants is included for the purposes of 
comparison with the halide implants. The implants into silicon wafers were all 
performed on the same machine, with all the samples undergoing the same RTA heat 
treatment, providing the opportunity for direct comparisons to be made between boron 
monomer and boron halide implanted samples, processed in precisely the same way.
Both the 2 x 10*"* and 10*^  boron ions/cm^ graphs. Figure 4.8 to Figure 4.13. show 
generally there is little difference in the result when varying the anneal duration for 
any given anneal temperature. However there is some difference where the longer 
duration anneals of 100 seconds and 1000 seconds indicate they produce slightly 
higher activation with lower sheet resistance, although the data for the 1000 seconds
anneal is limited.
Sheet carrier concentration for 2e14 cm^ boron annealed samples
1.4E+14 1
5 seconds 
10 seconds 
-A - 30 seconds 
100 seconds 
-*-1000 seconds
c  1.22+14 -
12+14 -
82+13 -
62+13 -
42+13 -
22+13 -
600 700 800
T em peratu re  (“C)
900 1000 1100
Figure ^  Sheet carrier concentration versus annealing temperature graph. 2 x  lO*'* boron ions/cm^ was 
implanted into crystalline silicon, then annealed at varying temperatures for a set o f  times.
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Sheet resistance for 2e14 cm^ boron annealed sam ples
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Figure 4^9 Sheet resistance versus annealing temperature graph. 2 x  lO''* boron ions/cm^ was implanted 
into crystalline silicon, then annealed at varying temperatures for a set o f  times.
For an anneal temperature of 1000°C the boron 2 x ions/cm^ implants provide a 
sheet carrier concentration of 1.1 x 10^ "^  ions/cm^ (55 % activation), sheet resistance 
around 900 O/sq. and a Hall mobility of close to 62 cm^/V-s. The lO'  ^ ions/cm^ boron 
implants also at an anneal temperature of 1000°C provide a sheet carrier concentration 
of 6.1 X  lO’"^ ions/cm^ (61 % activation), average sheet resistance of 223 fl/sq. and a 
Hall mobility close to 46 cm^/V-s. These results do not compare well with 2-step 
Nonmelt Laser Anneal (NLA) (0.6 J/cm ,^ 15 ns pulse) and RTA (1000°C 5 seconds), 
that Earles et al. (2002) generated, giving a sheet resistance of 150 Q/sq. and Hall 
mobility of 67 cm^A -^s.
The mobihty results appear to be following a similar path to the data published by 
Sasaki et al. (1988), where a mobility of 38 cm^/V-s is shown for the higher boron 
carrier concentrations >10^ ® ions/cm^, heading towards over 100 cm^A -^s as the 
concentration declines past 10** ions/cm^. Sasaki et al. (1988) suggest there is some 
deviation between their data and others, nevertheless at an approximate concentration 
of 7 X  10*^  ions/cm^ which is related to the 2 x 10*"* ions/cm  ^ boron implant into 
silicon, their data show an approximate value of 60 cm^A -^s (Sasaki et al. 1988).
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Hall mobility for 2e14 cm^ boron annealed sam ples160
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Figure 4.10 Hall mobility versus annealing temperature graph. 2 x  lO''* boron ions/cm^ was implanted 
into crystalline silicon, then annealed at varying temperatures for a set o f  times.
Sheet carrier concentration for 1e1S cm^ boron annealed sam ples8E+14
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Figure 4.11 Sheet carrier concentration versus annealing temperature graph. lO'* boron ions/cm^ was 
implanted into crystalline silicon, then annealed at varying temperatures for a set o f  times.
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Figure 4.12 Sheet resistance versus annealing temperature graph. 10‘  ^ boron ions/cm^ was implanted 
into crystalline silicon, then annealed at varying temperatures for a set o f  times.
Hall mobility for 1e15 cm^ boron annealed samples
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Figure 4.13 Hall mobility versus annealing temperature graph. lO’  ^ boron ions/cm^ was implanted into 
crystalline silicon, then annealed at varying temperatures for a set o f  times.
The boron fluence comparisons in Figure 4.14 show the trends are similar for both 
fluences for the higher temperature anneals. Although it does not appear to be the case 
for the 2 X 10^ '^  ions/cm^ sheet carrier concentration, when referring back to Figure
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4.8 we can see some similarity. The flatness of the 2 x 10^ '* ions/cm^ curve in Figure 
4.14 is due to the nature of the y-axis.
The percentage activation of boron at the anneal temperature of 1000°C (10 seconds) 
for the 10*^  ions/cm  ^ implanted material is 61 % compared to 55 % for the 10*"^  
ions/cm^ material. The lO’^  ions/cm^ samples have a mobility of 45 cm^ A/^ -s and sheet 
resistance of 230.5 fl/sq., which are both respectively less than the 61.8 cm^/V-s and
913 fl/sq. of the lO*'^  ions/cm'  ^samples.
The 10*^  boron ions/cm^ sheet resistance result in Figure 4.12 of 224 i2/sq. is slightly 
higher than a published value of 166 Q/sq. (Marcus et al 1998, p. 1293). This 
indicates that our sample may have experienced a loss of dopant by diffusion through 
the surface. This may be the case, although the published sheet resistance value was 
taken from a sample annealed with zero oxygen content. The lack of oxygen within 
the annealing ambient would allow more dopant out-gassing than if a thin stable 
capping oxide was formed by low concentration oxygen inclusion in the annealing 
ambient (Marcus et a l 1998, p. 1293).
9h#*$ rMhtanc* for 2*14 & 1r15 cW* If toe tnntahd ttmpkt
II  3000
8h#t$ ctrrftr conctntralfon for 2«14 & U1S em^ 10 t tampkt
Hal mobUly for 2# 14 & 1*15 cm'' B+10 **eond anntaM tampH*
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Figure 4.14 Comparison o f  sheet resistance, sheet carrier concentration and Hall m obility for boron 
fluences o f  2 x  10*'* and 10*  ^ ions/cm^ after a 10 second anneal.
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4. 3. 2 implants
Although results for implants are not new, they were generated as part of this 
project to enable comparisons to be made with other similarly processed halide 
implants. The implanted samples results are shown in Figure 4.15 through to 
Figure 4.21.
The 600°C 10 seconds anneal of 2 x lO'"^  BF]^ ions/cm  ^implanted samples, provide a 
sheet carrier concentration of 6.2 x 10^  ^ ions/cm^ (21 % activation). This is higher 
than the sheet carrier concentration for the similarly annealed boron implant (same 
implant fluence) which has a sheet carrier concentration of less than 8.3 x 10*^  
ions/cm^ (4.1 % activation).
Sheet carrier concentration for 2e14 cm^ BF2 * annealed samples
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Figure 4.15 Sheet carrier concentration versus annealing temperature graph. 2 x  10*'* Bp2  ^ ions/cm^ was 
implanted into crystalline silicon, then annealed at varying temperatures for a set o f  times.
The ability of fluorine to assist boron into substitutional sites and become electrically 
active is represented in data published by Robertson et al (2000b, p. 173). Their 
processing parameters were different, but they can still confirm the effectiveness of 
the light ion fluorine.
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Figure 4.16 Sheet resistance versus annealing temperature grafrfi. 2 x 10^  ^Bp2  ^ions/cm^ was inq)lanted 
into crystalline silicon, then annealed at varying temperatures for a set of times.
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Figure 4.17 Hall mobility versus aimealing temperature gr^h. 2 x 10*'’ BF;^  ions/cm^ was im^arded 
into crystalline silicon, then armealed at varying temperatures for a set of times.
For the 2 x 10^ "* Bp2  ^ ions/cm^ implanted samples, the longer anneal times at the 
higher temperatures generally show better activation and lower sheet resistance than
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the shorter anneals, Figure 4.15. This is not obvious for the lO'^ BF] ions/cm^ 
implanted samples, Figure 4.18.
The sheet carrier concentration for the 2 x lO''^  BF]  ^ samples after annealing at 
1000°C is in the region of 1.6 x 10*"* ions/cm  ^ (80 % activation), the sheet resistance 
is 715 O/sq. and the Hall mobility is 55 cm^/V-s. For the lO'  ^BF]^ ions/cm^ samples 
also annealed at 1000°C the sheet carrier concentration is close to 9 x 10*"^  ions/cm^ 
(90 % activation), sheet resistance of between 166 A/sq. to 188 O/sq. for the range of 
anneal times, and a mobility of about 40 cm^/V-s.
Sheet carrier concentration for 1e15 cm^ BF2 * annealed samples
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Figure 4.18 Sheet carrier concentration versus annealing temperature graph. lO'  ^ BF]^ ions/cm^ was 
implanted into crystalline silicon then annealed at varying temperatures for a set o f  times.
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Sheet Resistance for 1e15 cm^ BF2* annealed samples
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Figure 4.19 Sheet resistance versus annealing temperature graph. lO'  ^ BF;^ ions/cm^ was implanted 
into crystalline silicon then annealed at varying temperatures for a set o f  times.
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Figure 4.20 Hall mobility versus annealing temperature graph. 10‘  ^ BF;^ ions/cm^ was implanted into 
crystalline silicon, then annealed at varying temperatures for a set o f  times.
Overall the results provide higher activation and lower sheet resistance than 
other implanted samples of B \ BCl]^ and BBr] , with Hall mobilities near to 55
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>15cm /y-s and 40 cm /V-s after a 1000°C anneal, for 2 x 10 ions/cm and 10 
ions/cm^ fluences respectively.
The Bp2^  activation and sheet resistance results in this project are superior to all 
others, and this is almost certainly one of the reasons why BF2 was chosen as the 
source for p-type dopant implantation back in the late 1970’s (Beanland 1978). 
Another reason BF2 was preferred over boron is the capability to generate a higher 
beam current (Muller et al. 1971 cited Beanland 1978, p537). For all other implants, 
there is a common trend which shows that above the annealing temperature of 800°C, 
there is an increased improvement in the sheet carrier concentration and sheet 
resistance, which is not present in the lower anneal temperature region.
Similarly as with all the other respective comparisons in fluence, the BF2 
comparisons show the 10*^  ions/cm^ implanted material provides lower sheet 
resistance and higher sheet carrier concentration than the 2x10*“^ ions/cm^ implants.
n
Figure 4.21 Comparison o f  sheet resistance, sheet carrier concentration and Hall m obility for BF;^ 
fluences o f  2 x  lO'"* and lO'  ^ ions/cm^ after a 10 second anneal.
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4. 3. 3 BCli implants
Since the BCl:^ implants were the last to be performed limited data is available, with 
the majority of annealing being performed at 10 seconds and 100 seconds. The data 
for the samples is shown in Figure 4.22 to Figure 4.28.
The 100 second annealed samples for both fluences (2 x 10*"^  ions/cm^ and lO’^  
ions/cm^) has a slightly higher sheet carrier concentration and a slightly lower sheet 
resistance than the 10 second annealed samples. This only applies at the higher 
temperatures as both the 10 second and the 100 second results cross over below the 
anneal temperature of 950°C.
Sheet carrier concentration for 2e14 cm^ BCI2 * annealed samples
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Figure 4.22 Sheet carrier concentration versus annealing temperature graph. 2 x lO''* BCh  ^ ions/cm^ 
was implanted into crystalline silicon, then annealed at varying temperatures for a set of times.
At an anneal temperature of 1000°C for 100 seconds, the BCl:^ implants provide a 
sheet carrier concentration of 1.14 x lO’"^ ions/cm^ (57 % activation) and 5.3 x 10*"* 
ions/cm^ (53 % activation), sheet resistance around 971 Q/sq. and 280 Q/sq. and a 
Hall mobility of close to 56.3 cm^/V-s and 41.9 cm^/V-s respectively for the 2 x 10*“*
ions/cm'  ^and lO'  ^ions/cm'  ^fluences.
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Sheet resistance for 2e14 cm^ BCI2 * annealed samples
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Figure 4.23 Sheet resistance versus annealing temperature graph. 2 x  10*'* BCl;^ ions/cm^ was 
implanted into crystalline silicon, then annealed at varying temperatures for a set o f  times.
Hall mobility for 2e14 cm^ BCI2 * annealed samples
90 1
80 -
70 -
60 -
50 -
40 -
30 ■ 10 seconds
100 seconds20 -
10 -
600 700 800
Temperature {“C)
900 1000 1100
Figure 4.24 Hall mobility versus annealing temperature graph. 2 x  10*'* BCl]^ ions/cm^ was implanted 
into crystalline silicon, then annealed at varying temperatures for a set o f  times.
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Figure 4.25 Sheet carrier concentration versus annealing temperature graph. lO'  ^ BCI2* ions/cm^ was 
implanted into crystalline silicon then annealed at varying temperatures for a set o f  times.
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Figure 4.26 Sheet resistance versus annealing temperature graph. 10‘* BCl2  ^ ions/cm^ was implanted 
into crystalline silicon then annealed at varying temperatures for a set o f  times.
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Hall mobility for 1e15 cm^ BCI2 * annealed samples
60 1
50 -
^  40 -
.o
_  20 -
-♦-10 seconds 
100 seconds 
1000 seconds
10 -
600 700 800
Temperature {®C)
900 1000 1100
Figure 4.27 Hall mobility versus annealing temperature graph. lO'^  BClz  ^ ions/cm^ was implanted into 
crystalline silicon then annealed at varying temperatures for a set of times.
The mobility curves for the 10 second, 100 second and 1000 second BCl:^ anneals in 
Figure 4.27 show the higher mobility obtained for the longer duration anneal. This 
arrangement by anneal time is not so obvious for the other implant materials, yet does 
occur for a few of the mobility graphs (see Figure 4.31. Figure 4.34).
The fluence comparison between the 2 x lO’'^  ions/cm^ and 10*^  ions/cm^ annealed 
samples shows the 10^  ^ ions/cm^ has an expected higher sheet carrier concentration 
and lower sheet resistance, with the lower fluence implanted material obtaining a 
higher Hall mobility.
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Figure 4.28 Comparison of sheet resistance, sheet carrier concentration and Hall mobility for BCl2  ^
fluences of 2 x lO''* and lO'^  ions/cm  ^after a 10 second anneal.
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4. 3. 4 BBrz im plants
The 2 X 10*"^  BBr2^  ions/cm"^  implant was performed at the beginning of this project 
and as a consequence considerable data was obtained between the 800°C and 1100°C 
anneal temperatures. The lower anneal temperatures were included later in the project 
and did not get completed for this material.
The sheet carrier concentration for the 2 x 10^ '^  BB%  ^ ions/cm^ samples show the 
shortest anneal time of 5 seconds at 800°C has the highest dopant activation, this runs 
in sequence until the 100 second anneal which has the lowest activation, Figure 4.29. 
This situation is reversed beyond the 900°C anneal temperature, where generally the 
longest anneal duration obtains the higher activation. In parallel with this the sheet 
resistance remains constantly lower for the longer anneal times for most anneal 
temperatures. Figure 4.30. with the Hall mobility being higher for the longer anneal 
times. Figure 4.31.
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Figure 4.29 Sheet carrier concentration versus annealing temperature graph. 2 x  10'‘* ions/cm^ 
was implanted into crystalline silicon, then annealed at varying temperatures for a set o f  times.
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Sheet resistance for 2e14 cm^ BBt2* annealed samples
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Figure 4.30 Sheet resistance versus annealing temperature graph. 2 x 10'“’ BBri  ^ ions/cm  ^ was 
implanted into crystalline silicon, then annealed at varying temperatures for a set of times.
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Figure 4.31 Hall mobility versus annealing temperature graph. 2 x 10'“* BB%* ions/cm^ was implanted 
into crystalline silicon, then annealed at varying temperatures for a set of times.
When the samples are subjected to an anneal temperature of 1000°C for 10
seconds they provide a sheet carrier concentration of 1.15 x lO''^  ions/cm^ (57.5 % 
activation) and 2.01 x 10^  ^ ions/cm^ (20.1 % activation), sheet resistance of 1193
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O/sq. and 962.4 Q/sq. and a Hall mobility of 45.5 cm^/V-s and 32.3 cm^/V-s 
respectively, for the 2 x 10*"^  ions/cm^ and 10*^  ions/cm^ fluences.
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Figure 4.32 Sheet carrier concentration versus annealing temperature graph. lO'  ^ ions/cm^ was
implanted into crystalline silicon then annealed at varying temperatures for a set o f  times.
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Figure 4.33 Sheet resistance versus annealing temperature graph. lO’  ^ BB%^ ions/cm^ was implanted 
into crystalline silicon then annealed at varying temperatures for a set o f  times.
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Figure 4.34 Hall mobility versus annealing temperature graph. 10*^  ions/cm  ^was implanted into 
crystalline silicon then annealed at varying temperatures for a set of times.
The 10^  ^BBf2^  ions/cm^ implanted samples have limited data, providing results for 
the 10 second and 100 second anneal times only, Figure 4.32 through Figure 4.35.
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Figure 4.35 Comparison of sheet resistance, sheet carrier concentration and Hall mobility for BBrz  ^
fluences of 2 x 10'‘* and lO'^  ions/cm^ after a 10 second anneal.
The lower temperature BBri^ amiealed samples in general provide the highest sheet 
resistance and lowest activation of all the halide implants.
The BBi2^  fluence comparison in Figure 4.35 follows the pattern of all the previous 
fluence comparisons, where the higher implant fluence provides the preferred result.
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4. 3. 5 Com parison between all im plants
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Figure 4.36 Sheet carrier concentration o f  equivalent 5 keV boron 2 x  lO'"’ ions/cm^ implants for 
varying implant sources. The anneal duration was 10 seconds at different anneal temperatures.
This section compares all the Hall effect results, assimilating together all the data 
from the halide and boron monomer implants. Sheet carrier concentration, sheet 
resistance and mobility graphs are shown for both 10 second and 100 second anneals, 
followed by expanded temperature graphs (1000°C to 1100°C) of the sheet carrier 
concentration, sheet resistance and Hall mobility for both 2 x 10*“^ ions/cm^ and 10*^  
ions/cm^ fluences side by side.
The longer anneal time of 100 seconds does on average provide improved results 
compared to the 10 second anneals for the whole range of implants. The exception to 
the rule is within the region where on occasion reverse annealing occurs, and this 
occurs between 700°C and 900°C for some of the halide implanted samples. The 
reverse annealing phenomenon, which is the deactivation of dopant, has been referred 
to before by Beanland (1978, p.540).
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Figure 4.37 Sheet carrier concentration o f  equivalent 5 keV boron 2 x  10‘‘‘ ions/cm^ implants for 
varying implant sources. The anneal duration was 100 seconds at different anneal temperatures.
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Figure 4.38 Sheet resistance o f  equivalent 5 keV boron 2 x  lO"* ions/cm^ implants for varying implant 
sources. The anneal duration was 10 seconds for differing anneal temperatures.
91
Sheet resistance of 100 second 2e14 cm annealed samples
4500 1
-♦-2  X 10l4 B+ c m - 2  
-m-2x 1014 BF2'*'cm-2 
-à -2 X 1014 BCI2+ cm-2 
-# - 2 X 1014 BBr2+ cm-2
4000 -
g" 3500 -
3000 -
2500 -
2000  -
1500 -
1000 -
500 -
600 700 800
Temperature (*C)
900 1000 1100
Figure 4.39 Sheet resistance o f  equivalent 5 keV boron 2 x  lO'^ * ions/cm^ implants for varying implant 
sources. The anneal duration was 100 seconds for differing anneal temperatures.
Hall mobility for 10 second 2e14 cm^ annealed samples120 1 -e-2X IOI4  B+ cm-2 
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Figure 4.40 Hall mobility for equivalent 5 keV boron 2 x  10‘‘* ions/cm^ implants for varying implant 
sources. The anneal duration was 10 seconds for differing anneal temperatures.
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Figure 4.41 Hall mobility for equivalent 5 keV boron 2 x 10*“* ions/cm  ^ implants for varying implant 
sources. The anneal duration was 100 seconds for differing anneal temperatures.
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Figure 4.42 Sheet carrier concentration of equivalent 5 keV boron lO'^  ions/cm  ^ implants for varying 
implant sources. The anneal duration was 10 seconds at different anneal temperatures.
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Figure 4.43 Sheet carrier concentration of equivalent 5 keV boron lO'  ^ ions/cm  ^ implants for varying 
implant sources. The anneal duration was 100 seconds at different anneal temperatures.
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Figure 4.44 Sheet resistance of equivalent 5 keV boron ions/cm  ^ implants for varying implant
sources. The anneal duration was 10 seconds for differing anneal temperatures.
The results in Figure 4.44 show the ability of implants to produce low resistance
material after thermal treatment for 10 seconds. This potential is also shown for 100 
second anneals in Figure 4.45. with the improved result for the BCb implant, which
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exhibits a lower sheet resistance at temperatures as low as 700° for the 100 second 
anneal as opposed to 850°C with the 10 second anneal. This would indicate that SPER 
has been allowed to occur for a longer duration with the 100 second anneal, and the 
repair of the silicon substrate crystallinity is not as complete for the lower temperature 
anneals with only 10 seconds. The sheet resistance values for the lO’^  ions/cm^ boron 
halide implants show positively for future ITRS nodes, although it is not possible to 
confirm the ability to meet the standards without appropriate junction depth data.
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Figure 4.45 Sheet resistance of equivalent 5 keV boron 10‘® ions/cm  ^ implants for varying implant 
sources. The anneal duration was 100 seconds for differing anneal temperatures.
The 10*^  ions/cm^ Hall mobility graphs for the 10 second (Tigure 4.46) and the 100 
second armeals (Figure 4.471 display very similar profiles for each of the implant 
species. The halide implants show an increasing Hall hole mobility for the lower 
temperature anneals, with the higher mobility being a function of the mass of the 
accompanying halide atoms in the boron halide implanted molecule. The higher mass 
results in more damage, which will in turn produce more scattering centres, and hence 
the mobility will reduce. Generally the higher anneal temperatures show the halide 
Hall mobilities to be increasing linearly with increasing anneal temperature and the 
results are much closer together. The boron monomer implant stands out on its own 
with a much higher Hall mobility for the lower anneal temperatures. The boron Hall
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mobility rises to a peak of near 90 cm^/V-s at after an 800°C anneal, then settles back 
towards approximately 45 cm^A -^s for the anneal temperature of 1000°C, where the 
halide Hall mobility results are located.
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Figure 4.46 Hall mobility for equivalent 5 keV boron lO'^  ions/cm  ^ implants for varying implant 
sources. The anneal duration was 10 seconds for differing anneal temperatures.
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Figure 4.47 Hall mobility for equivalent 5 keV boron 10*^  ions/cm  ^ implants for varying implant 
sources. The anneal duration was 100 seconds for differing anneal temperatures.
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To obtain a more accurate view, an expanded illustration for both implant fluences of 
2 X  lO'* ions/cm  ^and 10*^  ions/cm^ between the temperatures of 1000°C and 1100°C 
was generated. The sheet carrier concentration in Figure 4.48 shows the ability of the 
BBr2^  implant to achieve a very much higher percentage activation in the 2 x lO^ '* 
ions/cm^ sample compared to the 10*^  ions/cm^ sample. The monomer boron 2 x lO'  ^
ions/cm^ implants however show boron deactivation from silicon substitutional sites 
occurs from 1050°C to 1100°C (Figure 4.81. whereas this is not clearly apparent for 
the 10*^  ions/cm^ material (Figure 4.11). Looking at the maximum activation, the 
monomer boron samples after heat treatment between 1000°C and 1100°C do reach 
close to 60 % activation for the 2 x 10^  ^ ions/cm^ material and over 60 % for lO'  ^
ions/cm^ material.
Figure 4.49 shows the monomer boron and BF]^ implanted material having reached 
low steady sheet resistance values before the 1000°C anneal temperature, although the 
BCl] and BB%  ^materials are still improving. Towards the higher 1100°C anneal all 
materials have reached respectable sheet resistance values of below 1000 Q/sq. for the 
2 X  10 ions/cm^ implants and 330.2, 231.1, 200 and 142.2 Q/sq. for the BBr2% BCL , 
B  ^and BF2 10 second annealed samples respectively.
■* 2 X 10l4B+cm"2 
^ 2 x  1Ql4BCl2+aTr2
♦ 2x 10l4BF2+cm-2 
2 X I0 I4 BBT2+ cm-2
Figure 4.48 Sheet carrier concentration for equivalent 5 keV boron annealed samples, implanted either 
as Bp2 ,^ BCI2+, BBr2  ^ or by the monomer B \ This graph shows the expanded view for 10 second 
annealing temperatures between 1000°C and 1100°C only.
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Figure 4.49 Sheet resistance for equivalent 5 keV boron annealed samples, implanted either as Bp2 ,^ 
BCI2 +, BB%^  or by the monomer B^ . This graph shows the expanded view for 10 second annealing 
temperatures between 1000°C and 1100°C only.
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Figure 4.50 Hall mobilities for equivalent 5 keV boron annealed samples, implanted either as BF2  , 
BCI2+, BBr2  ^ or by the monomer B .^ This graph shows the expanded view for 10 second annealing 
temperatures between 1000°C and 1100°C only.
For the finish of the graphical Hall effect results, Figure 4.51 and Figure 4.52 show 
the percentage boron activation for the implant fluences of 2 x 10^ * ions/cm^ and lO’^  
ions/cm^. Clearly the BF]  ^implants provide the highest activation for the whole range 
of anneal temperatures. For the lowest activation it could be expected that the BB%  ^
would provide this, although this is not the case and the BCl]^ implants generally have 
the lowest activation for the higher temperature anneals.
Ganguly et al. (2002) have performed comparisons between BF2 , BCb and BB%  ^
crystalline silicon implanted material, and suggest one of the reasons for more 
diffusion with the BCI2 sample rather than the BF2 sample is because chlorine is less 
electronegative than fluorine. This indeed may be the key to fluorine’s ability to
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lessen the boron diffusion by the fluorine interacting with silicon defects including 
silicon interstitials (Ganguly et al. 2002, p.2024). Additionally the lighter mass of the 
fluorine compared to the chlorine and bromine will allow the fluorine to penetrate 
more deeply into the silicon substrate, possibly causing the interstitial silicon-fluorine 
interaction to occur more uniformly throughout the damage region.
Although atomic bond energies (CRC Handbook of Chemistry and Physics 1969) 
(diatomic bonding in gas, which would not necessarily reflect the forces present in a 
solid) do not directly reflect the logical assumptions that could be made about atomic 
activity, there is some correlation between the mass and electronegativity. The strong 
electronegative light fluorine atoms assist the boron dopant to obtain effective 
activation, with the higher mass lower electronegative atoms of chlorine and bromine 
not yielding as much boron activation, although they show strongly at the higher 
temperatures.
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Figure 4.51 Percentage activation for all 2 x 10*"* ions/cm^ 10 second annealed halide implants.
As shown in Figure 4.51 the maximum activation of 2 x 10^  ^ ions/cm^ implanted 
boron (60 %) peaks at 1050°C, whereas the halide implanted materials continue to 
rise, right upto to the maximum anneal temperature. This is the case for the lO'^
99
ions/cm implants as well, where generally all the halide results show continual 
improvement with increasing temperature. The shows slight deactivation
between 950°C to 1000°C, however this may be within the limits of experimental 
error. The implanted material provides the highest activation with the 2 x 10^ '^  
ions/cm^ samples, and this achievement is even more prominent with the 10*^  
ions/cm^ activation results.
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Figure 4.52 Percentage activation for all 10** ions/cm^ 10 second annealed halide implants.
Generally for the lower temperature anneals the halide molecules assist the boron 
dopant to achieve higher activation than it could as a monomer implant within the 
silicon substrate. Although after 900°C the boron monomer implanted silicon can 
match the activation of the halide implants of BCl]^ and BBr] .
After the higher anneal temperature of 1100°C (especially for the longer anneal 
duration) the Hall mobility and sheet resistance data converges for all the halide boron 
implants, providing quite similar results. This convergence does not occur for the 
sheet carrier concentration data, and shows the previously mentioned success of Bp2^  
in activating the boron dopant. Following in second place at the higher anneal 
temperature of 1100°C for the 2 x lO'^ ions/cm^ implant is BB%\ although for the 
higher fluence implant of 10^  ^ ions/cm^, BB%  ^provides the lowest boron activation.
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Figure 4.48. Also it can be seen that even though boron maintains the higher 
activation compared to tlirough the lower temperature anneals, at 1100°C the
result is quite similar.
When viewing the results based on the fluence comparison (Figure 4.14, Figure 4.21, 
Figure 4.28 and Figure 4.351, the 10^  ^ ions/cm^ results provide improved activation 
and lower sheet resistance than the 2 x 10^ "* ions/cm^ results. Ceidainly for all the 
implants an increased fluence is related to a lower sheet resistance, however at the 
molecular implant fluence of lO'^ ions/cnf the boron halide implants have the 
additional advantage that they are all amorphising (Webb et al. ca. 1990), which 
enables SPER to occur.
Low energy implantation is required for shallow junctions, and this m aybe facilitated 
by using some method of slowing the ions before entry into the target solid. The use 
of a deceleration lens however to enable low energy implants may not actually 
provide a suitable retained fluence. It is reported that when in deceleration mode a 
significant dose loss occurs, with this loss showing itself as a function of the implant 
fluence (Ganguly et at. 2002, p.2025). A deceleration lens was only in operation for 
the boron implants, where a 5 keV boron implant energy was obtained from a BF3 
source, with 15 kV extraction energy and 10 kV deceleration. The halide implants 
were of an ample energy magnitude so as to evade the use of any deceleration.
Comparing the Hall effect generated results with MD simulations (mentioned briefly 
in Section 2. 4. 1) performed to determine the linearity of the range of boron halide 
molecules (Webb et al. 2003). The Hall effect results generally indicate the success of 
the BF2^  implants, although the BCL^ and the BB^^ implants are intermingled. The 
MD simulations suggest evidence of predictable behaviour, which when exploiting 
the larger mass halide molecules will accelerate the rate of amorphisation, thus 
reducing channelling and improving the likelihood of complete crystal recovery after 
thermal treatment (Webb et al. 2003).
The MD simulation results propound that the higher mass halide implants provide 
more and deeper displacements, when all are implanted with the boron ions having
1 0 1
the equivalent of 1 keV energy. The MD simulation results also show the mean range 
of boron to be stable for all the various implants (~24 nm), with the mean damage 
depth increasing gradually with the mass of the non-boron accompanying atom, as 
previously indicated (Webb et al. 2003). The Hall effect results show the data is not 
exclusively linear.
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4 . 3 . 6  Tabulated data for each implant species
Anneal B 2 x  10^ "^  ions/cm^
Temp. ("C) Time (s) Rs (Q/sq) % Activation Ns (ions/cm^) p (cm"/V-s) Sym
600 5 7306 4.0 7.94 X 10'" 108 1.03
600 10 6607 4.1 826x10^ 114 122
600 30
600 100 8340 2.8 5 J 9 x l0 ^ 134 1.03600 1000
700 5 4818 4.7 927x10^ 138 1
700 10
700 30 4243 5.4 IT ^x lO ^ 137 1.02
700 100 3877 6.0 1.19 X 10'" 135 1.04
700 1000
800 5 2347 12.9 227x10^ 103 1
800 10 2190 14.1 222x10^ 101 123
800 30 2193 13.7 2 2 4 x 1 0 " 104 1.02
800 100 2117 14.4 228 x 1 0 " 102 1.01800 1000
850 5 1523 24.3 4 2 5 x 1 0 " 84.5 123
850 10 1505 24.7 4.94 X 10'" 832 1.03
850 30 1440 26.6 522 x 1 0 " 8L4 1.02
850 100 1400 27.6 5.51 X 10" 802 1.2
850 1000 1175 36.1 7 2 2 x 1 0 " 732 1.02900 5 1385 29.8 5 j^ x lO " 752 1.02
900 10 1368 30.0 529 x 1 0 " 76.1 1.02900 30 1338 31.2 623x 10" 742 1.04
900 100 1218 35.5 7 2 9 x 1 0 " 722 1.01900 1000
950 5 979.7 48.2 9.64 X 10" 66.1 1
950 10
950 30 903.9 56.5 1.13 X 10'4 61.2 1.03
950 100 872 57.5 1.15 X 10'4 622 1.03
950 1000
1000 5 897 56.0 1.12 X 10'4 61.9 1.03
1000 10 913 55.5 1.11 X 10'4 612 1.03
1000 30 878.2 57.5 1.15 X 10'4 61.9 1.01
1000 100 924.6 54.5 1.09 X 10'4 61.7 1.01
1000 1000 7682 5&5 1.13 X 10'4 71.9 1.01
1050 5 830.2 61.5 1.23 X 10'" 61.3 122
1050 10 839.8 60.0 1.2 X 10'" 61.7 1.04
1050 30 842.7 59.5 1.19 X 10'" 62 1.03
1050 100
1100 5 845 60.0 1.2 X 10'" 61.7 1.021100 10 835 59.5 1.19 X 10'" 62.6 1.01
1100 30 820 58.5 1.17 X 10'" 64.9 1.011100 100
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Anneal lO'  ^ions/cm^
Temp. (®C) Time (s) Rs (Q/sq) % Activation Ns (ions/cm") p (cn f/V -s) Sym
600 5 4138 2.5 2.45 X 10" 612 1.01
600 10
600 30 3755 2.7 2 2 6 x 1 0 " 622 1.04
600 100 4323 2 .2 2 2 2 x 1 0 " 65.1 1
600 1000
700 5 3114 2.9 2 2 8 x 1 0 " 692 1.01
700 10 2959 2.8 2 2 1 x 1 0 " 75.1 1.04
700 30
700 100 2742 2.9 225x 10" 80 1.02
700 1000
800 5 1695 4.2 4.15 X 10" 882 1.05
800 10 1517 4 .7 428x 10" 872 1
800 30 1595 4.2 424x 10" 9Z4 1.04
800 100 1646 4.0 32 2 x 1 0 " 952 1.03
800 1000
850 5 1079 7.8 7 2 5 x 1 0 " 74.7 1.02
850 10 1153 7.0 7 x 1 0 " 772 1.01
850 30 981.1 8.7 821x10" 73 1.02
850 100 919.3 9.7 928x 10" 70.1 1.03
850 1000 689.8 13.8 128x10" 652 1.02
900 5 496.8 232 2 2 3 x 1 0 " 532 1.03
900 10 5572 20.0 2 x 1 0 " 56 1.01
900 30 554.1 20.1 2 2 1 x 1 0 " 56 1.03
900 100 4862 242 2 ^ 2 x 1 0 " 53.1 1.05
900 1000
950 5 534.3 21.9 2.19  X 10" 53.4 1.03
950 10 454.7 262 2 2 7 x 1 0 " 51.3 1.01
950 30 399.8 31.6 3 2 6 x 1 0 " 49 .4 1
950 100 3522 35.8 3 2 8 x 1 0 " 49 .4 1.01
950 1000 263.7 492 4 2 2 x 1 0 " 48.1 1.02
1000 5 227.4 60.5 6 2 5 x 1 0 " 45 .4 1.02
1000 10 230.5 602 6 2 2 x 1 0 " 45 1.02
1000 30 222.2 6Z4 6.24 X 10" 45 1.01
1000 100 218.4 6Z9 629x 10" 45 .4 1
1000 1000 218.7 58.7 5 2 7 x 1 0 " 482 1.01
1050 5
1050 10 2262 6L8 6 2 8 x 1 0 " 44.6 1.02
1050 30
1050 100
1100 5 195.2 70 .4 7 .04  X 10" 454 1.01
1100 10 200 682 6 2 2x10" 452 1.01
1100 30 1 9 1 2 702 7 26 x 1 0 " 462 122
1100 100 200.4 6A9 6.49x10" 48 1.01
104
Anneal J 4
Temp. (“C) Time (s) Rs (Q/sq) % Activation Ns (ions/cnT) p (cn f/V -s) Sym
600
600
5
10 2934 31.0 ff2 X 10'3 34.3 128
600
600
600
30
100
1000 1884 34.8 6.96 X 10" 47.6 128
700 5 1683 352 7.1 X 10" 522 1.04
700 10 1630 34.7 6 2 4 x 1 0 " 55.2 1.04
700 30 1682 31.6 622x 10" 582 1.04
700 100 1700 30.1 6 2 2 x 1 0 " 61 1.01
700
800
1000
5 1520 30.5 6.1 X 10" 672 1.01
800 10 1572 282 5.71 X 10" 692 121
800 30 1737 25.7 5.14 X 10" 69.9 1.05
800 100 2023 17.7 323 x 10" 872 1.03
800 1000 1901 17.0 3.4 X 10" 962 1.01
850 5 1486 30.8 6.15 X 10" 682 1.01
850 10 1446 302 6.1 X 10" 70.8 1.02
850 30 1393 302 625x 10" 74 1
850 100 1430 282 5.66 X 10" 772 1.03
850 1000 1161 36.6 722x 10" 73.4 1
900 5 1094 452 923x 10" 63.2 1900 10 1040 48.7 9 2 4 x 1 0 " 61.7 1.04900 30 1007 492 928x 10" 622 1.02900 100 1005 492 928x 10" 622 1.02
900 1000 900.5 54.5 1.09 X 10" 632 1.01
950 5 8802 612 1.23 X 10" 572 1.02
950
950
10
30 794.2 692 1.39 X 10" 56.6 1.02
950 100 787.7 682 1 27x10" 57.7 1.02
950 1000 702.8 73.5 1.47 X 10" 60.3 1.02
1000 5 714.3 802 1.6 X 10" 542 1.05
1000 10 728 79.5 1.59 X 10" 54 1.02
1000 30 716 79.0 1.58 X 10" 55.1 1.04
1000 100 674.8 83.5 1.67 X 10" 55.4 1.04
1000 1000 888.5 45.9 9 2 8 x 1 0 " 76.5 1.01
1050
1050
5
10 696 81.0 1.62 X 10" 552 1.02
1050 30 636.6 862 1.73 X 10" 562 1.01
1050 100 644.8 85.0 1.7 X 10" 562 1.04
1100 5 628.3 91.0 122x10" 542 1.01
1100 10 625.6 91.0 122x10" 542 1.031100 30 601.6 912 123x10" 562 1.01
1100 100 569.8 902 121x10" 60.4 1.01
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Anneal B F / IP'S ions/cm^
Temp. (“C) Time (s) Rs (Q/sq) % Activation Ns (ions/cnf) p (cmVV-s) Sym
600 5
600 10 2265 10.2 122x10" 27 1.1
600 30
600 100 394.1 52.4 5JW xlO" 302 1.02
600 1000
700 5 342 55.3 523 x 10" 33 1.02
700 10
700 30
700 100 362.5 52.3 5 J3 x lO " 322 1.01
700 1000 414.6 42.3 4 2 3 x 1 0 " 352 1.02
800 5 357.4 492 4 .9 6  X 10" 352 1.01
800 10 34L4 50.9 529x 10" 352 1.06
800 30 377.7 44 .9 4 .49  X 10" 362 1.02
800 100 3722 432 4 2 6 x 1 0 " 382 1
800 1000
850 5 337.8 52.7 52 7 x 1 0 " 35.1 1.03
850 10 346.1 51.3 5 2 3 x 1 0 " 35.1 1.07
850 30
850 100 324.8 4&9 4 2 9 x 1 0 " 392 1.01
850 1000 327 45 .7 427x 10" 412 1.03
900 5 269.1 622 625x 10" 37.1 1.04
900 10
900 30 240.7 672 6 2 6 x 1 0 " 382 1.06
900 100 249 .7 63 .4 624x 10" 394 1
900 1000 279 53^ 522x 10" 42.1 1.01
950 5
950 10 229.4 70.6 726x  10" 382 1.02
950 30 182 842 8 ^2 x 1 0 " 40 .6 1.03
950 100 226 .9 6T7 6.77 X 10" 40 .6 1
950 1000
1000 5 188.3 8A2 82 2 x 1 0 " 394 1.01
1000 10 175.8 8&7 827x 10" 40 1.03
1000 30 167.4 91 .7 9.17  X 10" 40 .7 1.01
1000 100 171.4 882 825 x 10" 41.1 1.02
1000 1000 175.6 772 7 2 8 x 1 0 " 45 .7 1.06
1050 5
1050 10
1050 30
1050 100 150.1 982 926x 10" 422 1.02
1100 5 148.5 103.0 1.03 X 10" 41 1.01
1100 10 142.2 106.0 1.06 X 10" 412 1.01
1100 30 142.9 103.0 123x10" 42.3 1.02
1100 100 140 103.0 1.03 X 10" 434 1.02
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Anneal B C l/  2 X ions/cm^
Temp. CC) Time (s) Rs (Q/sq) % Activation Ns (ions/cm^) p (cnT/V-s) Sym
600 5
600 10 2486 19.7 323 x 1 0 " 632 1.04
600 30
600 100
600 1000
700 5
700 10
700 30
700 100 3372 33.0 6.59  X 10" 282 1.05
700 1000
800 5
800 10 2691 282 5 2 6 x 1 0 " 41 1.01
800 30
800 100 2486 19.7 323x 10" 632 1.04
800 1000
850 5
850 10
850 30
850 100
850 1000
900 5
900 10 2253 20.4 4 2 8 x 1 0 " 67.9 1.02
900 30
900 100 2342 17.3 3 4 6x10" 762 1.01
900 1000
950 5
950 10
950 30
950 100
950 1000
1000 5
1000 10 1828 27.5 5.5 X 10'3 62 1.01
1000 30
1000 100 971.7 57 .0 1.14 X 10" 562 1.01
1000 1000
1050 5
1050 10
1050 30
1050 100
1100 5
1100 10 9272 63.0 1.26 X 10" 5 3 2 1.03
1100 30
1100 100 741.8 64.0 128x10" 652 126
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Anneal B C l,^  lO'^ io n s/c m ^
Temp. ("C) Time (s) Rs (Q/sq) % Activation Ns (ions/cm^) p (cnT/V-s) Sym
600 5
600 10
600 30
600 100 3617 3 0 2 3 2 8 x 1 0 " 5.6 1.04
600 1000 2 418 1 4 2 1 4 2 x 1 0 " 18.2 1 2 6
700 5
700 10 2901 15.0 1.5 X 10'4 14.4 1.05
700 30
700 100 1121 35.6 3 2 6 x  10" 15.7 1.04
700 1000 1109 2 0 2 2 2 2 x 1 0 " 2 7 2 1.05
800 5 782 3 2 2 3 2 9 x  10" 24.3 1 2 2
800 10
800 30
800 100 969 .9 1 8 2 1 2 3 x 1 0 " 3 5 2 1.11
800 1000 1143 11.5 1.15 X 10" 47.5 1.01
850 5
850 10 778 .7 2 7 2 2 2 6 x 1 0 " 29 1 2 8
850 30
850 100 850.8 1 9 2 1.92 X 10" 3 8 2 1.05
850 1000 737.3 18.6 1 2 6 x 1 0 " 4 5 .6 1.03
900 5
900 10 6 8 Z 8 26.7 2 2 7 x 1 0 " 3 4 2 1.02
900 30
900 100 714.7 2 2 2 2 2 2 x  10" 3 9 2 1.03
900 1000 4 9 4 2 2 7 2 2 2 5 x 1 0 " 46 1.02
950 5
950 10 579.5 29 .4 2 2 4 x  10" 3 6 2 1.09
950 30
950 100 4 67 .4 3 2 2 3 2 3  x 10" 41.3 1.09
950 1000 309 .4 41.5 4.15 X 10" 4 8 2 1 2 2
1000 5
1000 10 610.1 2 4 2 2 4 8 x  10" 41 .2 1.07
1000 30
1000 100 280 .2 5 3 2 5.31 X 10" 41 .9 1 2 8
1000 1000 2 79 .4 4 2 2 4 .27  X 10" 5 2 2 1
1050 5
1050 10 340 .4 4 7 2 4 2 9 x 1 0 " 3 8 2 1 2 8
1050 30
1050 100 2 2 6 2 5 5 2 5 2 8 x  10" 49 .4 1.02
1100 5
1100 10 231.1 67 .4 6.74  X 10" 40 1.04
1100 30
1100 100 191.4 71 .6 7.16  X 10" 45 .6 1.09
1 0 8
Anneal
Temp. ("C) Time (s) Rs (Q/sq) % Activation Ns (ions/cm^) p (cm^/V-s) Sym
600 5
600 10
600 30
600 100
600 1000
700 5
700 10
700 30
700 100
700 1000
800 5 5423 3L8 616x10^ 18.1 1.03
800 10 5345 27.4 5^2x10^ 21.4 1.05
800 30 4919 26.1 5 2 2x10" 242 1.05
800 100 3689 18.6 3.72 X 10" 422 1.01
800 1000 3756 11.4 2 2 8 x 1 0 " 728 1.01
850 5
850 10 3566 274 5 1 7 x 1 0 " 31.4 1.03
850 30
850 100 2994 18.8 3 2 5 x 1 0 " 552 1.02
850 1000 3471 11.8 2 2 6 x 1 0 " 76.2 1.06
900 5 2794 2&4 527x 10" 42.4 1.04
900 10 3058 219 4 2 8 x 1 0 " 42.7 1.09
900 30 2824 229 4 1 8 x 1 0 " 482 1.04
900 100 2616 24^ 4 2 5 x 1 0 " 482 1
900 1000 1569 32.7 61 3 x 1 0 " 602 1.04
950 5 2549 227 5.54 X 10" 44.2 1.06
950 10 2672 217 5.13 X 10" 452 1.06
950 30
950 100 1440 41.3 826x 10" 52.4 1.01
950 1000 1191 41.2 8.24 X 10" 632 1.05
1000 5 1348 51.5 1.03 X 10" 45.1 1.02
1000 10 1193 57.5 1.15 X 10" 45.5 1.01
1000 30 1044 62.0 1.24 X 10" 482 1
1000 100 925J 615 1.31 X 10" 51.6 1.01
1000 1000 715.9 510 1.18 X 10" 73.7 1.05
1050 5 1364 50.5 1.01 X 10" 452 1.04
1050 10
1050 30
1050 100 793.1 625 1.35 X 10" 58.1 1.04
1100 5 662 84^ 1.68 X 10" 562 1.02
1100 10 730 810 1.66 X 10" 51.6 1.01
1100 30 69L8 81.5 1.63x10" 55.4 11100 100 62&8 79.0 128x10" 6Z9 1.02
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Anneal + m i s
Temp. (®C) Time (s) Rs (Q/sq) % Activation Ns (ions/cm^) p (cmVV-s) Sym
600 5
600 10
600 30
600 100
600 1000
700 5
700 10
700 30
700 100
700 1000
800 5
800 10
800 30
800 100 2085 2 4 2 2.43 X 10" 1 2 2 1.03
800 1000
850 5
850 10
850 30
850 100 2237 9.6 9.61 X 10" 29 1.02
850 1000 1869 6.6 6.56  X 10" 5 0 2 1.01
900 5
900 10
900 30
900 100 1705 10.1 1.01 X 10" 3 6 2 1 2 2
900 1000
950 5
950 10 1036 2 0 2 2 2 8 x 1 0 " 29 1.02
950 30
950 100
950 1000 349.1 37.8 3 2 8 x 1 0 " 47.3 1.05
1000 5
1000 10 9 6 2 ^ 20.1 2.01 X 10" 3 2 2 1.04
1000 30
1000 100 387 40 .6 4 2 6 x 1 0 " 3 9 2 1.02
1000 1000
1050 5
1050 10 4 9 5 2 3 6 2 3 2 1 x 1 0 " 34.9 1.03
1050 30
1050 100 2 6 7 2 54.6 5 ^ 2 x 1 0 " 4 2 2 1.03
1100 5
1100 10 3 3 0 2 4 8 2 4 2 8 x 1 0 " 3 8 2 1 2 3
1100 30
1100 100 195.7 6 9 2 6 2 8 x 1 0 " 45 .7 1.02
1 1 0
4. 4 Discussion by paper
4. 4 .1  D avid  Beanland (1978) on B F z \ BCb"  ^and BBn+
In the late 1970s Beanland (1978) reported on his experiments with boron halide 
implants, both as molecular ions and co-implants into crystalline n-type < 111> 
silicon. The conclusion was that was favourable due to the ease of generation of 
a sizeable beam current, and the similarity to the boron monomer implants, even 
providing increased activation at the lower anneal temperatures (Beanland 1978, 
p.537). All his implants were performed at much higher energies than conducted in 
this project, with the bromine implants providing equivalent 12 keV boron and all 
others 25 keV boron, so comparisons will have to be judged with some 
circumspection. Annealing was performed using dry N2 for 30 minutes, with all 
samples being covered in 1000 Â of r.f. sputtered SiOz (Beanland 1978).
After a 650°C anneal, Beanland (1978, p.539) reports a x6 reduction of sheet 
resistance for the 10 ^^  ions/cm^ fluence when comparing the Bp2^  implant with the 
B"^ . This is less than the near x l l  which we obtain at 600°C 100 seconds, with the 
700°C 100 second anneal showing a x7.5 difference between the Bp2^  and B^ 10^  ^
ions/cm^ implants.
The BCl2^  implants in this project are less effective in assisting the boron to activation 
than the Bp2^ , this is the case with the results published by Beanland (1978, p.541). 
Both sets of results confirm that the bromine in the BBi2^  implants inliibits the 
activation of boron the most, with all the halide implants showing improved results 
upon surpassing the 800°C amieal temperature.
Generally in this project the boron monomer implants and the BCb^ implants tend to 
provide more similar results than the other implants of Bp 2^  and BBi*2^ . Some 
similarities can be drawn between the lO’  ^ BCl2^  ions/cm^ data and the lO'^ B^ 
ions/cm^ data in this work, and that presented by Beanland (1978). Both works show 
the BCl2^  implants provide higher sheet resistance than the boron equivalent for the 
higher anneals temperatures. His data shows that after annealing to 1100°C the BCri^
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sheet resistance is 30 % higher than for the boron, whereas we obtain a closer result 
where the BClz^ result is 7 % higher. Noting the annealing time used by Beanland 
(1978, p.538) was for 30 minutes, compared to 100 seconds in this work (longest 
anneal time at 1100°C).
The Beanland (1978) results overall show the BH] molecule for the lO’  ^ ions/cnf 
fluorine and chlorine implants provides slightly lower sheet resistance results than the 
BH2 molecule (where the H represents either F or Cl). Also noted is the reverse 
annealing for the Brz^ and B^ between 650°C and 800°C, but not the BBi'2^  wafer (12 
keV equivalent boron). Within this dissertation it was the BC^^ and BBi'2^  implants (5 
keV equivalent boron which showed reverse annealing, with this occurring between 
800°C and 900°C.
Beanland (1978) concludes with the opinion that the species effects are dominant in 
the activation of boron, and this is miiTored in his halide retention results previously 
referred to in Table 2.5. The boron-fluorine implants show higher activation than the 
boron monomer, especially at the lower temperature anneals, with this being due to 
the repair of amorphous material for the higher fluence implants. The boron-chlorine 
implants are less effective with the boron-bromine implants being least successful 
(Beanland 1978).
Overall the work by Beanland (1978) corresponds to the results of this project. 
However Beanland (1978) does conclude the higher mass halide implants of BC^^ 
and BBi'2^  are less satisfactory and quite unsatisfactory respectively, which is not in 
agreement with the opinions of Laviron et a l (2002) and Ganguly et a l (2002).
4. 4. 2 C. Laviron et al (2002) on BCiz
Laviron et a l (2002) reviews the BCl2^  implantation ion, with the view to replacing 
Bp2^  implantation steps for the following reasons. Fluorine can encourage boron 
penetration into the gate oxide, BCl2^  can decrease the required implantation energy 
by 45 % compared to Bp 2^  and the higher mass chlorine atoms amorphise the 
substrate enabling shallower junctions.
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The results of Laviron et al. (2002, p. 102) experiments show a 1050°C spike annealed 
3 keV (400 eV equivalent boron) 5 x lo "  BClz^ ions/cm^ fluence implant produces a 
32 mn junction with a sheet resistance of 1100 Q/sq. Laviron et a l (2002, p. 102) 
report that their experiments show chlorine does not enliance boron penetration 
through the gate oxide, and suggest BCb^ can be used for the gate implantation step.
There is no direct comparison that can be made with this experiment due to the 
difference in energy and implant fluence, although they do agi'ee with my 
recommendations in Section 5. 3 : Potential future work, which is to experiment with 
laser amiealing. This would be performed to maintain an ultra shallow junction whilst 
providing a more than suitable level of activation.
4. 4. 3 Swaroop Ganguly et al (2002) on BFz , BCli^ and BBf2^
Ganguly et a l (2002) report that an 18 keV BB^^ implant at a fluence of lO'^ 
ions/cm^ retained 10 % of the fluence, and a 5 x 10^  ^ ions/cm^ implant retained 35 %. 
The higher fluence implant retained less dopant, and they proposed the deceleration 
stage dissociated the BBi*2^  molecules allowing the Br ions to etch the wafer surface. 
Although there was no halide atom to etch the surface, tlie use of the deceleration lens 
could explain the poor boron monomer implanted results for the higher temperature 
anneals in this dissertation. Also we could have expected the boron monomer implant 
results in this dissertation to provide the lower sheet resistance values for the liigher 
temperatures anneals according to Beanland’s (1978) results, although this is not the 
case in the Hall effect sheet resistance results generated.
Ganguly et a l (2002) used Bp2% BCl2^  and BBi2^  implants to manufacture the source 
and drain extension regions of test MOSFETs. Their results using deceleration mode 
implant for all species, show the 5 keV BCl2^  (-0.7 keV equivalent boron) Vt 
providing the optimum result (shown earlier in Figure 2.31 with the 18 keV BB^^ 
(-1.1 keV equivalent boron) providing a Fr reading approximately of 0.2 volts more. 
The 5 keV BF2^  (-1.2 keV equivalent boron) reading which is similar in equivalent
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boron energy to the BBi2^  implant, shows a Vt reading of approximately a tenth of a 
volt more than the BBr2^  implant (Ganguly et al. 2002, p.2027).
The data generated for this dissertation show that the higher mass halide molecular 
ion implants which amorphise the substrate during the implantation process provide 
improved results for longer duration anneals. This indicates the benefit of SPER in 
providing quality material, and with a refined thermal processing procedure the 
junction leakage characteristics for the Ganguly at al. (2002) BCh^ generated 
component may improve. Additional Gaiiguly et al. (2002) state that the leakage 
current for the BC^^ jmictions may well improve with an amorphising implant and 
without the use of a deceleration stage during implantation. Even though we are 
comparing between all tlu*ee of Ganguly et al. (2002) halide implants, the BC^^ 
species has the boron implanted at almost half the equivalent energy of the Bp2^  and 
BBr2^  molecular ions.
Ultimately the opinion of Beanland (1978) can not take into account the cm'rent day 
technology and engineering practices, which as is being shown in the later papers on 
halide molecular implants (Ganguly et al. 2002)(Laviron et al. 2002) can reverse 
previous opinions based on factual results, to promote the use of BCE^ and BBi*2^  as 
molecular implantation ions.
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Chapter 5 Conclusion
The success o f boron di-fluoride provided the impetus for investigation of the other 
boron halide molecules. The requirement for faster transistors and miniaturisation of 
cuiTent technology by a reduction in both the horizontal and vertical direction, lead to 
the possible benefit of heavier halide atoms providing shallower junctions (than the 
fluorine) by the nature of increased surface damage. In this study it is shown that no 
other boron halide implant can match the boron activation of the BF2 ^  implantation 
molecule, when compared as equivalent 5 keV boron implants into crystalline silicon. 
The boron monomer implanted silicon follows behind the BF2^  material and tends to 
lead the other heavier boron halide molecules of BCl2^  ad BBi2^ .
The inability of the BCh^ and BBi'2^  implantation molecules to directly compete with 
the BF2^  molecule within this study, which was confined to sheet electrical 
measurements, does not preclude re-engineering of current CMOS designs to promote 
the beneficial aspects o f the higher mass halide molecular implants.
(Laviron et al. 2002) and (Ganguly et al. 2002) have shown the ability of BCL^ and 
BB%/ to make their contribution in the successful generation of p-type material and 
structures respectively. If investigated and developed further the heavier halide 
molecular implants could be incorporated into mainstream integrated circuit 
manufacture, although their use may well be time limited as competition with other 
technologies becomes more intense.
5.1 Objective of the M.Phil. work
Investigation of boron halide implants into crystalline silicon was undertaken to 
ascertain if the higher mass BCI2’*' and BBi2^  halide molecules could mirror the 
previous success of BF2^ , when implanted into crystalline silicon. The heavier halide 
molecules will enable the creation of shallower junctions due to their increased mass 
and therefore generation of higher surface damage, possibly providing the h amework 
for ITRS predicted future generations of CMOS transistors
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The main objective was to provide direct comparison between each of the new halide 
implants and previously used BF2^  halide and boron monomer implants. All material 
was generated using the same machinery, and processed by Hall effect analysis using 
an identical method.
An isochronal data matrix of thermally treated material provides the basis for 
comparison of the electrical characteristics for each of the materials.
5. 2 What has been achieved?
I have generated a substantial Hall effect data matrix for implants into crystalline 
silicon of boron, boron di-fluoride, boron di-chloride and boron di-bromide, providing 
sheet carrier concentration, sheet resistance and mobility figures. Over 200 samples 
have successfully made it tluough etching, photolithography and application of 
contacts, enabling the material to be characterised.
The benefit o f this work for the scientific community is to provide a view of how 
chlorine and bromine affect the boron dopant within the silicon substrate after thermal 
processing for a range of temperatures and anneal times. Additionally presented is the 
ability to directly compare the electrical characteristics of the previously used boron 
and boron di-fluoride implants with the boron di-chloride and boron di-bromide 
implants. This provides some insight into the feasibility of using the heavier halide 
molecules for production of future CMOS structures.
This work will contribute to the global semiconductor knowledge base by providing 
more insight into the heavier boron halide compound implants for use in generating p- 
type electiical junctions. Specifically this work may assist scientists and engineers in 
deteraiining appropriate processing parameters for future development. Additionally 
the reader can benefit from the assimilation of boron halide literature within this 
work, bringing together the cun ent Imowledge of this time.
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The results show that there is not a completely linear response for the range of halide 
implants, although there is a trend showing the lighter halide molecules being more 
successful. The sheet carrier concentration and sheet resistance results for and
BBr2^  halide molecules are fluence, time and temperature dependent, with the boron 
monomer implant providing results that are generally intertwined between the two, 
although overall provides improved results.
Even though substantial energy is required by thermal amiealing to provide 
appropriate dopant activation, the data shows that all the halide compounds can 
generate material with satisfactory electrical characteristics. Other researchers like 
Ganguly et a l (2002) and Laviron et a l (2002) are optimistic about the future use of 
the heavier mass boron halide molecules as mentioned, and more precise experiments 
are required to clarify their suitability.
5. 3 Potential future work
To enable high throughput during the IC manufacturing process, the boron halide 
source delivery system should be suitable for providing an adequate beamline current. 
With regards to the BBrg source, the issue of instability with the BBi'2^  beam 
(Gwilliam 2002) could be resolved by reducing moisture and providing the 
appropriate liquid to gas flow hardware. For the BCI3 source, similarly the gas flow 
should be regulated by appropriate hardware to optimise the delivery. This would 
improve the gas pressure, thus stabilise and increase the beamline current.
The ability of laser amiealing to repair implantation damage, maximise the activation 
of dopant with minimal diffusion and provide abrupt shallow junctions (Talwar et al 
1998), as well as providing low resistance results (Felch et a l 2000) could provide the 
missing finish for the use of heavy halide molecular ion implants. The benefit of laser 
thermal processing is shown with a 2-step aimeal procedure (with RTA), for low 
energy implants designed to create ultra shallow junctions (Earles et a l 2000), and the 
use of laser annealing should be incoiporated into future experiments.
117
Additionally, the frequency analysis of boron halide generated integrated circuit 
components, would help to determine the suitability for future use within integrated 
circuitry.
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